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Death and decomposition are natural processes that are generally well-understood.
However, large events of death, such as mass mortality events (MMEs) are increasing in
frequency and their impacts on the ecosystem are largely unknown. These events may have both
bottom-up effects from increased nutrient input as well as top-down effects from loss of an
ecological functional group by the affected population. Different functional MMEs may result in
different top-down effects, creating cascading effects. In Chapter 1, I test the hypothesis that
scavenger and herbivore simulated MMEs generate novel bottom-up and top-down effects.
Results indicate that MMEs have a significant effect on communities, including on soil
chemistry, plant tissue, soil microbes, and soil arthropods. Carrion effects on the community
were both a result of biomass (MMEs vs. single carcasses) as well as functional group exclusion
(herbivores, scavengers).
Further, MMEs may also generate long-lasting community effects due to the size and
nature of the disturbance. In Chapter 3, I evaluated the potential long-term of effects of MMEs
by sampling an experimental MME that was conducted four years earlier. I found that MMEs
generated long-term asymmetrical effects on ecosystems, with some noticeable changes in

increased soil nutrients as well as an unexpected effect of biomass on aboveground arthropod
communities, with very little effect on belowground soil arthropods.
However, studies of long-term decomposition from mass carcasses may expand beyond
studying MMEs. Composting of carrion is a continuous disturbance event, with numerous
carcasses being deposited in the same location over a longer period of time. In Chapter 2, I
analyzed potential effects on the surrounding community at a unique instance of concentrated
carcass disposal (5 years old). Significant differences were revealed between samples taken near
the compost pit (0 m, 5 m) compared to further distances (10 m, 25 m, 50 m) with calcium being
increased away from the pit, different soil microbial communities at the pit than farther distances
and increased aboveground arthropod abundance at the pit. These experiments provide us with a
greater, holistic understanding of previously understudied events of mass death on community
structure and ecosystem function.
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CHAPTER I
EFFECTS OF DIFFERENT FUNCTIONAL GROUP MASS MORTALITY EVENTS WITH
EMPHASIS ON SOIL AND SOIL COMMUNITIES
1.1

Abstract
Death is a natural process that affects ecosystems by allowing nutrients to be recycled

and made available to other species. However, mass mortality events (MMEs), which involve the
sudden death of many individuals, are unique for several reasons. First, MMEs produce large
amounts of carrion and carrion-derived nutrients that can have bottom-up effects on the
ecosystem. Second, the large number of deaths associated with MMEs may reduce population
size and associated ecological functions that are provided by the afflicted population, thereby
altering top-down effects on the ecosystem. While MMEs are increasing in frequency, it is
unknown how ecosystems respond to the bottom-up and top-down effects of these events. I
studied MMEs with a 2 x 3 factorial experiment that crossed two levels of biomass (a single 30
kg feral swine carcass or multiple carcasses totaling ~360 kg per 10 m2 plot) and three levels of
functional group manipulations (open treatments or fencing that excluded either scavengers or
herbivores). There were interactive effects of biomass and functional group on the rate of
decomposition. Similarly, soil and plant chemistry were affected through increased soil and plant
nutrients at most MME treatments. Soil arthropod abundance was elevated in the simulated
scavenger MME treatment compared to the simulated herbivore MME treatment and single
carcass treatments; however, treatments did not appear to affect family richness, evenness, or
1

functional richness. These results demonstrate that MMEs can generate different effects than
single carcasses and that the functional group of the afflicted species can mediate the net effect
of a mass mortality event.
1.2

Introduction
Death is a naturally occurring phenomenon and an important aspect of nutrient cycling

and life within an ecosystem. When an organism expires, its energy and nutrients become
available for use by other members of the ecosystem. If predation is the cause of death, the
carcass may be consumed entirely by one individual (the predator). However, death by other
causes generally leads to the carcasses remaining on the substrate as detritus where it is used by a
wide diversity of organisms. Vertebrate scavengers and necrophagous insects detect and arrive at
carcasses quickly (DeVault et al. 2003, DeVault and Rhodes 2002). Many species of flies and
beetles deposit their eggs on carcasses and the emerging larva can consume substantial amounts
of the carrion (Smith 1986, Payne 1965). During the decomposition process, nutrients seep from
the carcass and into the soil (Anderson et al. 2013, Carter et al. 2007, Towne 2000, Bornemissza
1957). These nutrients generally have a positive effect on plant growth (Melis et al. 2007, Yang
2004, Towne 2000), and can also affect soil arthropod (Singh et al. 2018) and soil microbial
communities (Pechal et al. 2013, Jenkinson and Rayner 1977). Plants in the immediate vicinity
of the carrion may perish due to the excessive flush of nutrients (Anderson et al. 2013, Towne
2000). However, plants that establish later generally have higher nutritional quality, lower C:N
ratio and increased plant biomass (Newsome et al. 2021, van Klink et al. 2020), with large
increases in plant nitrogen (Danell et al. 2002), though results have varied across studies. Plant
community composition may be altered, with shifts in forbs and seasonal grasses (Towne 2000)
as well as the potential for new niches and introduced species in larger events (Tomberlin et al.
2

2017). However, an excessive increase in soil nitrogen could result in a decrease of plant
diversity (Smith et al. 1999). The decomposition of a single carcass can have effects on plants
(Anderson et al. 2013) and soil communities (e.g., fungi and bacteria) that last for years (Bump
et al. 2009).
While the ecological effects of single carcasses are generally well-studied (Moleón and
Sanchez-Zapata 2021, Bump et al. 2020, Tomberlin et al. 2017, Benbow et al. 2013, Barton et al.
2013, Carter et al. 2007), it is unclear how these effects scale up when numerous members of a
population die in a short amount of time (Baruzzi et al. 2018, Tomberlin et al. 2017). The effects
of large-scale die-offs have been studied in some systems, such as salmon and cicadas, where
large-scale, synchronized death events are a part of the natural history of the species (Westley
2020, Yang and Karban 2019, Subalusky et al. 2017, Yang 2013, Yang 2006, Yang 2004).
However, large-scale die offs are becoming more common and more severe across many animal
taxa in which die-offs are not part of their natural history (Fey et al. 2015). These mass mortality
events (MMEs) are generally described as large die-off events that are above the usual
background mortality rate for the population (Fey et al. 2015, y Juárez et al. 2012). Leading
causes of MMEs include disease, biotoxicity, and multiple stressor scenarios such as the deaths
of 200,000 saiga antelope due to a combination of Hemorrhagic septicemia and increased
temperatures and humidity (Kock et al. 2018, Fey et al. 2015).
Just as when a single organism dies, the input of carrion, nutrients, and microbes is
expected to have bottom-up effects on the ecosystem. However, the large magnitude of inputs
may ultimately create different effects. For example, the tissues of a single carcass may be
consumed quickly by scavengers, whereas the scavenger community may be satiated by the large
amount of carrion associated with an MME (Tomberlin et al. 2017, Moleón et al. 2015, Simmons
3

et al. 2010). Thus, a smaller proportion of the carrion may be consumed by scavengers and
necrophagous insects, leaving a larger amount of the material to enter the soil. While small
amounts of nutrients generally benefit plants, larger pulses could result in nutrient oversaturation
and plant death (Anderson et al. 2013, Larson et al. 2011, Paramenter and MacMahon 2009,
Carter et al. 2007, Towne 2000). There is also a larger than average influx of microbes from the
gut microbiomes that leach upon the rupturing of the carrion (Metcalf et al. 2016, Carter et al.
2007). Some bacteria deposited from cadavers has been detected in soil >6 months after the
occurrence of death (Cobaugh et al. 2015).
Investigating the effects on the soil is an important starting point for understanding how
MMEs threaten ecosystem functioning and public health (Berge et al. 2009, Pepper et al. 2009).
Soil is the building block and foundation for much of Earth’s biodiversity, simultaneously
providing a substrate for plants to grow while also harboring pathogens of humans and wildlife
(Berge et al. 2009, Pepper et al. 2009, Hutchinson et al. 2004). Soil arthropods (e.g., Acari,
Collembola) have complex food webs and symbiotic interactions with plants that influence
ecosystem processes (Wardle et al. 2006) and are important for understanding changes in the soil
(Stork and Eggleton 1992), including microbial interactions (Benbow et al. 2019). Ground
arthropods, particularly detritivores, also aid in the cycling of numerous key nutrients such as
phosphorus, carbon, and nitrogen while also helping to prevent nutrient leaching (Maran et al.
2020). Often the quality and quantity of the resource affects the population size of soil fauna,
allowing for possibly more decomposition in the presence of soil fauna (Seastedt et al. 1988).
There are both above and belowground community changes that can lead to effects on plant
growth (Yang and Karban 2019). It is unclear how MMEs affect those interactions as a nonregular and extreme pulse of nutrients, causing cascading effects through the ecosystem. Since
4

changes in soil arthropods and microbes can have long-lasting effects on communities through
altering plant growth and nutrients, understanding the bottom-up effects of MMEs on soil is
essential to understanding the overall net effects on the community.
Unlike single carcass mortality events, MMEs may generate top-down effects due to the
reduction of animals that perform particular functional roles (Baruzzi et al. 2018). When a single
animal dies, the other members of the population may be able to compensate for the lost
individual such that there is little if any decrease in the ecological function provided by the
population. In contrast, MMEs involve a large number of individual deaths within the same
population, resulting in an extreme decrease in that functional role within the ecosystem (Fey et
al. 2019, Hooper et al. 2005). The partial loss of different functional roles may have different
effects on an ecosystem. For example, in the case of a scavenger MME, quick decomposition of
carcasses and dispersal of nutrients across the landscape may be prevented, creating a toxic soil
environment that harms plants. In contrast, herbivore MMEs could result in a two-fold beneficial
effect on the plant community through (1) carcasses acting as fertilizer and (2) reduced herbivory
(Fey et al. 2019). This could create a feedback loop with the soil arthropods. Soil organisms are
important not only for their interactions with plants but affecting plant interactions with
aboveground herbivores (Heinen et al. 2018). Some organisms (ex. Rhizobacteria) may have
positive effects on plants, allowing them to resist more aboveground herbivory while others may
or may allow for a decrease in herbivory defense or a negative plant-aboveground organism
interaction due to these top-down effects (ex. soil arthropods) (Heinen et al. 2018). MMEs of
other functional groups could also generate different top-down effects. Predator MMEs could
result in an increase in herbivore growth due to a lack of predation, further decreasing plant
growth through increased herbivory.
5

Although some empirical research on MMEs has been conducted recently (Lashley et al.
2018, Tomberlin et al. 2017, Subalusky et al. 2017), little is known about potential combined
top-down and bottom-up effects of these events (but see Hodge 2019) and how they differ
depending on the functional role of the afflicted species. Thus, to expand our understanding of
the ecological impacts of MMEs, I conducted a series of experiments that manipulated carcass
biomass and simulated the loss of two different functional groups (herbivores and scavengers). I
used these data to test the hypothesis that MMEs from different functional groups (scavengers
and herbivores) can generate different net effects. I first predicted an interaction between
biomass and functional group. This is predicted because the large biomass of carrion associated
with MMEs could satiate the scavenger community, and reducing scavenger density (e.g., in the
case of an MME of scavengers) would exacerbate this effect because vertebrate scavengers are
known to accelerate the decomposition process (Barton et al. 2013, Paramenter and MacMahon
2009, DeVault et al. 2003). Second, I predicted that soil and plant nutrient levels would be
affected by carcass biomass and the MME functional group. Third, I predicted that the MMEs
would affect the composition of soil communities including microbes and arthropods.
Additionally, I measured each response variable (except decomposition rate) multiple times over
2 years to evaluate how the ecosystem recovered from this disturbance.
1.3

Methods
I proposed to test the hypothesis that there are different effects of different functional

group MMEs on soil arthropods and microbes. I hypothesized that the overall effects would be
primarily mediated by the type of functional group lost. Understanding the responses of soil
arthropod and microbial communities may allow us to develop a broad understanding of the
effects of MMEs. To test this hypothesis, I conducted an experiment that simulated and
6

compared MMEs of two functional groups: scavengers and herbivores. Two of the biggest
limiting factors were an adequate amount of carrion and space. To overcome this challenge, I
used feral swine (Sus scrofa) trapped from private properties in Southern Oklahoma. Because
feral swine carcasses could be provided in large quantities with adequate spacing, I conducted a
replicated experimental study of the effects of MMEs on ecosystems.
The experiment was initiated on April 15th, 2019, on property provided by the Noble
Research Institute in Love County, Oklahoma. Four sites were created, each approximately 1 km
apart with similar soil and vegetation composition (native rangeland with interspersed grasslands
and shallow soil). This location sees numerous feral swine (Sus scrofa) causing damage through
rooting (Gaskamp et al. 2018, Boyer et al. 2020) and potentially spreading or increasing disease
(Haydett et al. 2021, Peper et al. 2021). At each site, I established 6 treatments, approximately 20
m apart. Each plot was randomly assigned a treatment based on a 2 x 3 factorial design that
crossed carrion biomass (single carcass or mass mortality) and loss of functional group (control,
herbivore, scavenger) (Figures 39, 40). Additionally, I established a reference plot at each site
that was fenced to exclude nearby cattle, but otherwise unmanipulated. Important forensic
arthropod species in Oklahoma include Calliphoridae (Cochliomyia macelleria, Phormia regina,
Chrysomya rufifaces depending on season), Sarcophagidae, Muscidae, Staphylinidae, Trogidae,
and Dermesitidae (Dubie and Talley 2017).
The MME treatments were created with approximately 360 kg of carrion while single
carcass treatments had one 30 kg carcass. We used fencing to simulate the loss of scavenger or
herbivore functional groups. To simulate a scavenger MME, I surrounded treatments with wire
fencing (~1.524 m tall) with bird netting to cover the top. After four weeks when decomposition
had slowed or stopped, the cages were removed (Figure 40). I then moved the fencing (without
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bird netting) to the herbivore MME treatment treatments to prevent herbivore access, thereby
simulating an herbivore MME. The fencing then remained over these treatments to prevent the
majority of herbivore attendance until the experiment concluded in May 2021. Control
treatments were left open through the entire experiment.
1.3.1

Decomposition rate
I used a phone camera to photograph carcasses once a day for a week after placement, for

three days, three weeks later, and once more seven weeks later for a total of 11 time points. In
single carcass treatments I photographed the same carcass at each sampling point, whereas in
MME treatments I randomly selected three carcasses at each sampling point. I later analyzed the
pictures using the Total Body Score method that was developed by Keough et al. (2017) in
which higher scores indicate later stages of decomposition. Keough et al. (2017) put the stages of
decay as “fresh”, “early decomposition”, “advanced decomposition”, and “skeletonization” for
their total body scoring of domestic pigs. I then used mixed effect models with biomass and
functional group as fixed effects (noting any interaction effects) and site as a random effect to
evaluate how these variables affected the number of days elapsed before a carcass entered “early
decomposition”, “advanced decomposition”, and “skeletonization”. My performed modeling
observed differences in how many days it took for each treatment to reach the different stages of
decomposition. I used a Poisson distribution as count data was in integers. Canopy cover, shade,
and temperature were the same for all treatment plots.
1.3.2

Soil nutrients
Soil nutrient samples were collected with a soil probe along the sub cardinal directions of

each plot. I collected approximately 0.45 L of soil which was subsequently analyzed by the
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Mississippi State University Soil Extension Services (Mississippi State, Mississippi) for percent
nitrogen, phosphorus, and calcium. Soil samples were collected three weeks before the
experiment began, as well as 6 weeks, 13 months, 15 months, and 24 months after the
experiment was initiated. I also analyzed soil nutrients using a mixed effect model with a
generalized linear model to determine potential differences in nutrients between carrion mass,
across treatments, and over time.
1.3.3

Plant nutrients
Plant nutrient samples were collected within the plot by hand or using scissors. The

newest leaves were collected from the plants to obtain the most accurate and recent plant nutrient
changes. Grasses were collected from all the treatments. Enough plant matter was collected in
each plot to fill a one gallon plastic bag almost completely full. I then sent samples to the
Mississippi State University Soil Extension Services for analysis. Soil percent nitrogen,
potassium, and calcium were analyzed using linear mixed effects models followed by ANOVA,
with site as the random effect. Data were log transformed as needed to meet the assumption of
normal distribution, which was confirmed with a Shapiro test. I then used Tukey post hoc testing
for significant results to determine any significant pairwise comparisons.
1.3.4

Soil microbes
I collected three subsamples in the same manner as the soil arthropods in each plot using

a 1 mL scoop to collect soil (Objective 3b). I then homogenized the subsamples in a one gallon
plastic bag. A 1 mL scoop of soil was taken from the homogenized sample and placed into a
whirl pak with 95% ethanol for storage. I preserved these soil samples until DNA was extracted
using a modified QIAGEN PowerMax Extraction Kit and methodology (Qiagen). Due to the
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presence of inhibitors, some of these samples had to be diluted while others still did not provide
enough DNA. The Zymobiomics MiniDNA Prep Kit was used for the later samples’ DNA
extraction due to the low amounts of DNA extracted using the QIAGEN kit (Zymobiomics),
with some extractions requiring the DNeasy PowerSoil ProKit (Qiagen).
For the QIAGEN PowerMax extraction, I used the manufacturer methodology with
modifications made from the Jordan lab (Belanich 2020). I drained the soil samples of ethanol
and added to separate tubes containing 750 uL PowerBead solution, 0.5 mL of Powerbeads, and
90 uL solution C1. Soil tubes were then vortexed for 15 minutes and centrifuged for 2 minutes at
5600 rcf. I mixed the supernatant with 200 uL of solution C2, inverted twice, and incubated for
10 minutes at 4 degrees Celsius. I transferred the supernatant to a new 2 mL Eppendorf tube and
added 250 uL of solution C3, inverted twice, and then incubated tubes again at 4 degrees Celsius
for 10 minutes. I centrifuged samples at 5600 rcf for 2 minutes, added 1.4 mL total of solution
C4 and mixed. I added 700 uL of the sample to a spin filter and centrifuged for 5600 rcf for 2
minutes, discarding the resulting flow-through. This step was repeated with the remaining
sample until the entire sample had gone through the filter. I then added solution C5 to the spin
filter tubes and added 60 uL of solution C6 directly to the center of the filter membrane. I
centrifuged the final tubes once more for 3 minutes at 5600 rcf. The spin filter was discarded and
the DNA in the tubes (approximately 60 uL) was incubated at 4 degrees Celsius until QUBIT
quantification and PCR amplification.
For the MiniDNA Prep kit (Zymobiomics), I drained the soil samples of ethanol and
added 250 mg of each sample to separate lysis tubes containing 750 mL of Zymobiomics Lysis
Solution. These tubes were then placed into a Bead beater for 45 seconds. Tubes were then
placed into an ice bath for two minutes. The bead beating process and two minute ice bath were
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repeated once more. I then centrifuged the tubes at 10,000 rcf for 1 minute. I transferred up to
400 uL of the supernatant to Zymo-spin III-F filters in clean collection tubes and centrifuged at
8,000 rcf for 1 minute before discarding the III-F filter. I added 800 uL of Zymobiomics DNA
binding buffer and 400 uL of 95% ethanol to the filtrate in the collection tube and mixed. 800 uL
of mixture was then transferred to a Zymo-spin II CR column in a collection tube and
centrifuged for 1 minute at 10,000 rcf. I discarded the flow-through from the collection tube and
repeated the process on the rest of the mixture. I then added 400 uL of Zymobiomics DNA Wash
Buffer 1 to a Zymo-spin II CR column in a new collection tube and centrifuged them at 10,000
rcf for 1 minute and discarded the flow-through. 700 uL of Zymobiomics DNA Wash Buffer 2
was added to the Zymo-spin II CR column in a collection tube and centrifuged at 10,000 rcf for 1
minute and the flow-through was discarded. I then added 200 uL of Zymobiomics Wash Buffer 2
in a collection tube and centrifuged at 10,000 x rcf for 1 minute. I transferred the Zymobiomics
II CR column into a clean 1.5 mL microcentrifuge tube and added 100 uL of Zymobiomics
DNase/RNase free water directly to the column matrix and incubated 1 minute. Tubes were then
centrifuged at 10,000 rcf for 1 minute to elute DNA. Zymo-spin III HRC filters were placed into
new collection tubes and 600 uL of Zymobiomics HRC prep solution was added. I then
centrifuged tubes for 3 minutes at 8,000 rcf. The previously eluted DNA was then transferred to
prepared Zymo-spin III HRC filters in a new 1.5 microcentrifuge tube, which was centrifuged at
exactly 16,000 rcf for 3 minutes. The resulting flow-through (DNA) was stored in a -20 degrees
Celsius freezer until Qubit Quantification and PCR amplification.
For the DNeasy PowerSoil Pro Kit (Qiagen), some preparations had to be taken. Solution
CD3 was first heated until any precipitate dissolved. PowerBead tubes were then spun to ensure
beads settled on the bottom before adding 250 mg of soil and 800 uL of solution CD1. Tubes
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were then briefly vortexed. Tubes were bead beaten for 45 seconds before placing in an ice bath
for two minutes. This procedure was performed twice. Tubes were then centrifuged at 12.6 rpm
(15,000 x g) for one minute. I then transferred the supernatant to a clean 2 mL Microcentrifuge
tube and added 200 uL of CD2. I vortexed tubes for five seconds and then centrifuged those
tubes at 12.6 rpm (15,000 x g) for one minute. 700 uL of the supernatant were transferred to
clean 2 mL tubes. I added 600uL of CD3 and vortexed tubes for five seconds. 650 uL of the
solution was then added to a MB Spin Column and centrifuged for one minute at 12.6 rpm
(15,000 x g). Resulting flowthrough was discarded and the step was repeated until all the
solution had passed through the spin column. I then placed the spin column into a new collection
tube and added 500 uL of solution EA to the column. Tubes were centrifuged at 12.6 rpm
(15,000 x g) for one minute. The resulting flowthrough was discarded and 500 uL of solution C5
was added. I centrifuged tubes again at 12.6 rpm (15,000 x g) for one minute and discarded the
resulting flowthrough. Spin columns were placed into new 2 mL collection tubes and centrifuged
for 2 minutes at 13 rpm (16,000 x g). Spin columns were then placed into new 1.5 mL Elution
tubes and 50 to 100 uL of Solution C6 were added. I centrifuged tubes at 12.6 rpm (15,000 x g)
for one minute and then discarded the spin column. The resulting flowthrough contained the
DNA ready for Qubit Quantification and PCR amplification. DNA was stored in -30 to -15
degree Celsius freezers.
The presence of enough quantifiable DNA was determined by using Qubit 2.0 protocols
and 1 uL of DNA sample. If the DNA amount was too low after two Qubit quantifications, I
repeated the DNA extraction process using 1:10 dilutions of the soil sample, few several samples
requiring 1:100 dilutions. After confirming the presence of DNA, I amplified samples with PCR
amplification to the Earth Microbiome Project protocols (35 cycles) (Thompson et al. 2017)
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using a C1000 Touch Thermal Cycler. Standard primers (10 mM) of 16sV4 FWD:
GTGCCAGCMGCCGCGGTAA; REV: GGACTACHVGGGTWTCTAAT. The PCR reaction
mixture included 12.5 uL of PCR Master Mix (x2), 1 uL of diluted reverse primer, 1 uL of the
diluted forward primer, 2.5 uL of PCR-grade water, and 3 uL of DNA sample for a total of 20
uL. After the PCR amplification process, I analyzed the presence of DNA through ethidium
bromide gel electrophoresis (1-2% agarose), later using GelGreen gel electrophoresis.
I then sent amplified samples to Michigan State University’s genomic laboratory unit to
sequence the DNA sample using 16S rRNA community sequencing with the Illumina platform
(Caporaso et al. 2012). Further sequencing depended on the initial sequencing results (quality of
sequencing, etc.). I analyzed my results using the CLC Genomics Workbench software (Qiagen).
To determine differences in the microbial communities among different treatment combinations,
statistical analyses included Bray-Curtis nonmetric multidimensional scaling (NMDS) ordination
dissimilarities and PermANOVA (Permutational multivariate analysis of variance) to visualize
the changes and differences in and among microbial communities, including over time. Further
microbial statistical analyses were determined after receiving the quality of the sequencing
results. I created a relative abundance table (Family level) to analyze the presence/absence of
microbes and how they are affected by the main effects and any interactions of fencing and
biomass factors. All 16S sequences were retained for analysis to determine whether there were
also differences in mitochondrial sequences.
1.3.5

Soil arthropods
I collected soil arthropods by sampling along 3 of the sub cardinal transects within each

plot. I used a trowel to collect each soil subsample in a cylindrical tin container (179.55 cm3).
Each subsample was taken from a different distance from the center of the plot. One was taken
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near the center, one halfway out, and one at the edge of the plot to view the entirety of the effects
on the plot. I collected each subsample into the same large plastic bag for homogenization.
Samples were stored in an ice chest for no more than ten hours while all treatments were
sampled. Afterwards, I placed samples into a Berlese funnel set up with 25-Watt bulbs to remove
arthropods from the soil (Barberena-Arias et al. 2012), with collection cups filled with 70%
Isopropyl alcohol.
Samples remained in the Berlese funnels for at least 48 hours and were not removed until
soil was completely dry. I took collection cups back to our lab at Mississippi State University,
where I sorted and identified arthropods with a stereomicroscope (Nikon SMZ-745). Collembola
were identified to Order due to their small size and difficulty. Beetles, wasps, and spiders were
identified to Family. Initially I planned to identify mites to order/suborder under a Nikon Eclipse
Ci microscope, after mounting each individual on a slide following methods (Krantz and Walter
2009). Unfortunately, due to the sheer number of mites (>3000), mites were only able to be
identified in the subclass Acari. Dr. Jerome Goddard provided entomological identification aid
for difficult specimens. I also consulted BugGuide as needed
(https://bugguide.net/node/view/15740).
To quantify the effects of experimental treatments on soil arthropod communities, I
calculated and compared several metrics including total abundance, family richness, Shannon
evenness, and functional richness. For functional richness calculations, unknowns and immatures
were not included to avoid overestimating richness. If a family could be defined in one of two
functional groups, it was included in functional group analysis. However, if one of these
functional groups had already been counted towards functional richness, the family with two
potential functional group placements was not used to avoid overrepresentation. Functional
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groups were primarily determined through the 7th edition, Study of Insects book, with the a few
additional sources (Supplemental Material). Shannon evenness was calculated at the family level
(Nagendra 2002, Shannon 1948). Proportions for immatures and unknowns were not calculated
as they could not be classified into a family for family evenness. However, total abundance
calculations did include these groups to avoid overestimating evenness in a community (i.e., to
avoid a community expressing single family dominance when that is not actually the case). I
used linear mixed effect models and generalized mixed effect models with appropriate
distributions to evaluate the individual and interactive effects of treatments and date on these
metrics. Poisson was chosen for most of the models (exception: evenness) based on count data
typically fitting this distribution as abundance and richness falls into this category (Bolter 2008).
Community structure dissimilarities and similarities were also determined using Bray-Curtis
dissimilarities and non-metric multidimensional scaling (NMDS).
1.4
1.4.1

Results
Decomposition rate
The number of days that it took carcasses to reach decompositional stages is summarized

in Figure 1. All carcasses entered early decay on the first day of the experiment because they
were euthanized at the same time. Thus, no statistical comparison was made on the time to enter
early decomposition. Two carcasses from the single carcass x control (unfenced) treatment were
entirely removed from the plot, presumably by a scavenger that consumed them elsewhere. As
this only occurred twice and both times in the same treatment combination, I did not conduct a
statistical analysis to determine if missing carcasses were affected by treatments.
The number of days it took to reach advanced decomposition was affected by a
significant interaction between biomass and functional group treatments (p = 0.0344), but there
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was not main effect of biomass (p=0.43) or functional group (p = 0.11). This effect was driven
by a longer number of days required for carcasses in MME x scavenger exclusion treatments to
reach the advanced decomposition stage (Figure 1). The number of days it took to reach the
skeletonized stage was also not affected by a main effect of biomass (p = 0.98) but was affected
by a main effect of functional group (p = 0.0018) and a significant interaction between the two
variables (p = 0.0135). This effect was largely driven by the accelerated decomposition of single
carcasses in control (open) treatments, even after accounting for those that had previously gone
missing.
1.4.2

Soil nutrients
Biomass was a significant predictor of soil percent nitrogen (p = 0.004), with elevated

nitrogen levels in treatments assigned to MME treatments compared to those that received a
single carcass (Figure 2; Table 1). Date was also a significant predictor of soil percent nitrogen
(p = 0.0001; Figure 3), but there was not an effect of functional role treatment (p = 0.67) or any
interactions (p’s > 0.449).
Potassium data were transformed with a log function to normalize the distribution of the
data. Potassium was significantly affected by date (p < 0.001), fencing (p = 0.0494), and biomass
(p < 0.001), with an interaction effect of biomass and fencing (p < 0.001; Figures 4, 5; Table 2).
This interaction was driven by markedly different responses through time in the open (no
fencing) MME treatment compared to the MME treatments that excluded scavengers or
herbivores. Specifically, among the MME treatments, the open treatments differed from
herbivore exclusion treatments (p < 0.001) and scavenger exclusion treatments (p < 0.001), while
scavenger exclusion and herbivore exclusion treatments did not differ (p = 0.70).
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Linear mixed effect models revealed that soil calcium concentrations were significantly
affected by date (p < 0.001) and fencing (p = 0.0036), with biomass trending towards
significance (p = 0.0557; Figures 6, 7; Table 3). Biomass and fencing interactions were also
significant (p = 0.0387). Pairwise comparisons help explain how calcium was affected by
functional group fencing at the two different biomasses. MMEs did not have any significant
differences across the functional group exclusions (p’s > 0.075). However, among the single
carcass treatments, herbivore exclusion treatments differed from scavenger exclusion treatments
(p = 0.0252) and open treatments (p = 0.0035).
1.4.3

Plant nutrients
Biomass had a significant main effect on percent nitrogen (p = 0004), potassium (p =

0.0002), and phosphorous (p < 0.0001), with the levels of all three nutrients increasing in MME
treatments relative to single carcass treatments (Figures 8, 9, 10; Tables 4, 5, 6). Date also
affected percent nitrogen (p < 0.0001), potassium (p < 0.0001), and phosphorous (p < 0.0001).
All three nutrients increased in treatments over time, including in non-carrion reference plots
(not included in statistical analyses). Initial analysis of plant tissue calcium revealed no main or
interactive effects of treatments or date (Figure 11; Table 7). However, a single data point was
noted that was more than three times larger than any other calcium level. Upon further
investigation I discovered that this point corresponded to a plot that had a noticeably different
plant community (although this difference was not quantified). A subsequent analysis with this
single point removed revealed a significant biomass x functional group interaction (p = 0.027), as
well as a significant effect of date (p = 0.0027), but no other effects (Figure 12; Table 8).
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1.4.4

Soil microbes
All 16s rDNA sequencing results from Michigan State University returned with enough

reads for sequencing. Using Bray-Curtis modeling for Permutational multivariate analysis of
variance (PermANOVA) and alpha diversity comparisons, significant differences were detected
between date and biomass (MME or single carcass). Biomass (p = 0.00050) indicated significant
differences between reference (no carrion) and MME plots (p = 0.0255) as well as MME and
single carcass plots (p = 0.0025). Dates were also significantly different at multiple instances (p
= 0.00051). However, the primary focus is on before (4/12/19-4/17/19) and 9 days after
(4/21/19) the placement of carrion (though not significant, p = 0.11872), before and one month
after (5/4/19) (p = 0.01904), before and one year after (5/19/20) (p = 0.00028), and before and
two years after (5/4/21) (p = 0.00028). Before collections span 4/12/19 to 4/17/19 as all
collections were made on 4/12/19 for experimental plots, except for reference plots which were
created as a true control and sampled on 4/17/19. There was no significance detected between
any of the fencing comparisons (p = 0.09406). However, some differences were seen across
certain sites/replicates (p = 0.00002). Wellpad and Oswalt sites differed significantly (p =
0.00096) as well as Oswalt and Dixon Fence (p = 0.00012) and Gilgai and Dixon Fence (p =
0.01044). However, this was not a focus of this study and thus was not further analyzed.
Principal coordinate scatter plots were created and did not indicate any significantly
identifiable differences amongst the different biomasses (Figure 13). Overall, there was no
variation or significant differences noticed among biomass, fencing, or treatment across the
Shannon diversity index (Figures 14, 15, 16), Simpson diversity index (Figures 17, 18, 19), or
Chao-1 bias correction (Figures 20, 21, 22). Top taxa were discerned from relative abundance

18

tables containing individual plots. Abundances were also viewed amongst biomass and treatment
variables (Figures 23, 24, 25).
The top 20 taxa with the highest abundances at the different biomasses were identified
via the relative abundance table (Figure 23). The highest abundance across biomass (reference
(no carrion), MMEs, and single carcass events) was Bacillaceae with 15 % in reference plots, 10
% in MMEs, and 13 % in single carcass plots. This was followed by Pyrinomondaceae which
had abundances of 4 % in reference plots, 4 % in MMEs, and 6% in single carcass plots.
Sphingomonadaceae had abundances of 3 % at reference plots, 5 % at MMEs, and 4 % at single
carcass plots. Uncultured-006 (Gaiellales) bacteria had abundances of 4 % at reference plots, 3 %
at MMEs, and 5 % at single carcass plots. Beijerinciaceae had abundances of 4 % at reference
plots, 3 % at MMEs, and 4 % at single carcass plots. Planococcaceae had abundances of 3 % at
reference plots, 3 % at MMEs, and 3 % at single carcass plots. Chitinophagaceae had abundances
of 1 % at reference plots, 4 % at MMEs, and 2 % at single carcass plots. Rubrobacteriaceae had
abundances of 4 % at reference plots, 2 % at MMEs, and 3 % at single carcass plots.
Psuedoncardiaceae had abundances of 3 % at reference plots, 2 % at MMEs, and 3 % at single
carcass plots. Micromonosporaceae had abundances of 2 % at reference plots, 2 % at MMEs, and
2 % at single carcass plots. Paenibacillaceae had abundances of 2 % at reference plots, 2 % at
MMEs, and 2 % at single carcass plots. Burkholderiaceae had abundances of less than 1 % at
reference plots, 3 % at MMEs, and less than 1 % at single carcass plots. Solirubrobacteraceae
had abundances of 2 % at reference plots, 1 % at MMEs, and 2 % at single carcass plots.
Xanthobacteraceae had abundances of 2 % at reference plots, 2 % at MMEs, and 2 % at single
carcass plots. Chthoniobacteraceae had abundances of 2 % at reference plots, 2 % at MMEs, and
2 % at single carcass plots. 67-14 (Solirubrobacterales) had abundances of 2 % at reference plots,
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1 % at MMEs, and 2 % at single carcass plots. Isosphaeraceae had abundances of 1 % at
reference plots, 1 % at MMEs, and 2 % at single carcass plots. Solibacteraceae (Subgroup 3) had
abundances of 1 % at reference plots, 1 % at MMEs, and 2 % at single carcass plots.
Clostridiaceae 1 had abundances of less than 1 % at reference plots, 2 % at MMEs, and less than
1 % at single carcass plots. Uncultured bacterium-023 (Acidobacteria) had abundances of 2 % at
reference plots, less than 1 % at MMEs, and 2 % at single carcass plots. Nitrososphaeraceae had
abundances of 1 % at reference plots, less than 1 % at MMEs, and 1 % at single carcass plots.
The top 20 taxa with the highest abundances at different dates were identified via the relative
abundance table (Figure 25). The highest abundance across dates (4/12/19-4/17/19, 4/21/19,
5/4/19, 6/1/19, 7/20/19, 5/19/20, 7/22/20, and 5/4/21) was Bacillaceae with 8 % at 4/12/19 to
4/17/19, 24 % at 4/21/19, 14 % at 5/4/19, 4 % at 6/1/19, 1 % at 7/20/19, 33 % at 5/19/20, 6 % at
7/22/20, and 19 % at 5/4/21. This was followed by Pyrinomonadaceae with abundances of 10 %
at 4/12/19 to 4/17/19, 5 % at 4/21/19, 6 % at 5/4/19, 7 % at 6/1/19, 5 % at 7/20/19, less than 1 %
at 5/19/20, 1 % at 7/22/20, and 1 % at 5/4/21. Sphingomonadaceae had abundances of 5 % at
4/12/19 to 4/17/19, 4 % at 4/21/19, 6 % at 5/4/19, 4 % at 6/1/19, 4 % at 7/20/19, less than 1 % at
5/19/20, 3 % at 7/22/20, and 7 % at 5/4/21. Uncultured bacterium-006 (Gaiellales) had
abundances of 8 % at 4/12/19 to 4/17/19, 3 % at 4/21/19, 1 % at 5/4/19, 4 % at 6/1/19, 5 % at
7/20/19, 2 % at 5/19/20, 5 % at 7/22/20, and 3 % at 5/4/21. Beijerinckiaceae had abundances of 5
% at 4/12/19 to 4/17/19, 2 % at 4/21/19, 2 % at 5/4/19, 3 % at 6/1/19, 4 % at 7/20/19, 2 % at
5/19/20, 7 % at 7/22/20, and 4 % at 5/4/21. Planococcaceae had abundances of 2 % at 4/12/19 to
4/17/19, 7 % at 4/21/19, 5 % at 5/4/19, 2 % at 6/1/19, less than 1 % at 7/20/19, 9 % at 5/19/20, 2
% at 7/22/20, and 5 % at 5/4/21. Chitinophagceae had abundances of 2 % at 4/12/19 to 4/17/19,
less than 1 % at 4/21/19, 1 % at 5/4/19, 7 % at 6/1/19, 5 % at 7/20/19, less than 1 % at 5/19/20, 3
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% at 7/22/20, and less than 1 % at 5/4/21. Rubrobacteriaceae had abundances of 4 % at 4/12/19
to 4/17/19, 3 % at 4/21/19, 4 % at 5/4/19, 2 % at 6/1/19, 2 % at 7/20/19, 3 % at 5/19/20, 3 % at
7/22/20, and 4 % at 5/4/21. Pseudonocardiaceae had abundances of 2 % at 4/12/19 to 4/17/19, 2
% at 4/21/19, less than 1 % at 5/4/19, less than 1 % at 6/1/19, 1 % at 7/20/19, 7 % at 5/19/20, 3
% at 7/22/20, and 4 % at 5/4/21. Micromonosporaceae had abundances of 2 % at 4/12/19 to
4/17/19, 1 % at 4/21/19, less than 1 % at 5/4/19, 1 % at 6/1/19, 2 % at 7/20/19, 3 % at 5/19/20, 4
% at 7/22/20, and 3 % at 5/4/21. Paenibacillaceae had abundances of less than 1 % at 4/12/19 to
4/17/19, 5 % at 4/21/19, 4 % at 5/4/19, less than 1 % at 6/1/19, less than 1 % at 7/20/19, 6 % at
5/19/20, 1 % at 7/22/20, and 2 % at 5/4/21. Burkholderiaceae had abundances of less than 1 % at
4/12/19 to 4/17/19, less than 1 % at 4/21/19, 3 % at 5/4/19, 3 % at 6/1/19, 2 % at 7/20/19, less
than 1 % at 5/19/20, 2 % at 7/22/20, and less than 1 % at 5/4/21. Solirubrobacteraceae had
abundances of 2 % at 4/12/19 to 4/17/19, 2 % at 4/21/19, less than 1 % at 5/4/19, 1 % at 6/1/19, 2
% at 7/20/19, 2 % at 5/19/20, 3 % at 7/22/20, and 2 % at 5/4/21. Xanthobacteraceae had
abundances of 1 % at 4/12/19 to 4/17/19, 2 % at 4/21/19, 1 % at 5/4/19, 1 % at 6/1/19, 2 % at
7/20/19, less than 1 % at 5/19/20, 1 % at 7/22/20, and 4 % at 5/4/21. Chthoniobacteraceae had
abundances of 1 % at 4/12/19 to 4/17/19, 1 % at 4/21/19, less than 1 % at 5/4/19, 2 % at 6/1/19, 4
% at 7/20/19, less than 1 % at 5/19/20, 1 % at 7/22/20, and less than 1 % at 5/4/21. 67-14
(Solirubrobacterales) had abundances of 2 % at 4/12/19 to 4/17/19, 2 % at 4/21/19, 1 % at
5/4/19, 1 % at 6/1/19, 2 % at 7/20/19, 1 % at 5/19/20, less than 1 % at 7/22/20, and 2 % at
5/4/21. Isosphaeraceae had abundances of 1 % at 4/12/19 to 4/17/19, 1 % at 4/21/19, less than 1
% at 5/4/19, 1 % at 6/1/19, less than 1 % at 7/20/19, 2 % at 5/19/20, 2 % at 7/22/20, and 1 % at
5/4/21. Solibacteraceae (Subgroup 3) had abundances of 2 % at 4/12/19 to 4/17/19, less than 1 %
at 4/21/19, less than 1 % at 5/4/19, 2 % at 6/1/19, 2 % at 7/20/19, less than 1 % at 5/19/20, 2 % at
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7/22/20, and less than 1 % at 5/4/21. Clostridiaceae 1 had abundances of less than 1 % at 4/12/19
to 4/17/19, less than 1 % at 4/21/19, 1 % at 5/4/19, 1 % at 6/1/19, less than 1 % at 7/20/19, 4 %
at 5/19/20, 2 % at 7/22/20, and 2 % at 5/4/21. Uncultured bacterium-023 (Acidobacteria) had
abundances of 1 % at 4/12/19 to 4/17/19, less than 1 % at 4/21/19, less than 1 % at 5/4/19, less
than 1 % at 6/1/19, 2 % at 7/20/19, less than 1 % at 5/19/20, 2 % at 7/22/20, and 3 % at 5/4/21.
The top most abundant taxa (Family) for functional exclusion (fencing) were not calculated as
functional exclusion was not significant (Figure 24).
1.4.5

Soil arthropods
Soil arthropod abundance was significant for date, biomass, and functional group and all

interactions (GLMMs, p’s < 0.0001, Figures 36, 37; Table 12). To better understand how the
treatments and sample date affected arthropod abundance I conducted a series of pairwise Tukey
post hoc tests. Date comparisons across the two different biomasses showed a significant effect
at all date comparisons for both biomasses with the exception of 4/12/19 and 7/20/19 which was
only significant for single carcass events (p = 0.0013). Date comparisons across the three
different fencings/functional group exclusions showed significant effects at all fencings across
all dates with only a couple of exceptions. Date pairwise comparisons of 4/21/19 and 5/18/20
were significant at herbivore exclusions (p < 0.001) and scavenger exclusions (p < 0.001) but not
at open controls (p = 0.9544). However, at date comparisons of 4/12/19 and 7/20/19, only the
open controls were significant (p < 0.001). When doing fencing pairwise comparisons under
each biomass, there was no significant difference of functional group exclusions under single
carcasses. However, in MME treatments, scavenger exclusion differed significantly from
herbivore exclusion and open treatments (both p’s < 0.001), but herbivore exclusion did not
differ from open treatments (p = 0.9908).
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A generalized linear mixed effects model with a Poisson distribution determined that date
was a significant predictor of soil arthropod family richness (p < 0.0001) but there were no
significant effects of treatments or their interactions (Figures 30, 31; Table 9, all p’s > 0.227).
Similarly, a linear mixed effects model determined that date was a significant predictor of soil
arthropod evenness (p < 0.0001), but there were no significant effects of treatments or their
interactions although functional group treatment trended toward significance (p = 0.0613;
Figures 34, 35; Table 11). A GLMM with a Poisson distribution revealed no effect of treatments
or date on soil arthropod functional richness (all p’s > 0.336; Figures 32, 33; Table 10).
PermANOVA analyses indicated a significant effect of date (p < 0.001) and biomass (p =
0.036) but not fencing (p = 0.71). Results were further supported by NMDS graphs of date
(Figure 26), biomass (Figure 27), functional exclusion (Figure 28), and site (replicate) (Figure
29). Indicator species analysis (ISA) also show that mites (p = 0.038) and different collembola
families (p’s = 0.001) are significantly influenced by the different experiment treatments and
time differences.
1.5
1.5.1

Discussion
Decomposition rate
Several carcasses from open single carcass treatments went missing, presumably taken by

scavengers. Missing carcasses (NA) were not included in skeletal analysis. The interaction effect
of biomass and functional treatments affected the number of days to reach the advanced stage of
decomposition, with a longer period of time required for carcasses in MME scavenger exclusion
treatments to reach this stage (Figure 1). These treatments took longer to reach advanced
decomposition due to 1) the larger amount of biomass needing to be decomposed and 2) a lack
vertebrate scavengers aiding in decomposition. MMEs of vertebrate scavengers could be led to
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longer decomposition, potentially resulting in spread of disease (Markandya et al. 2008, Pain et
al. 2003). Days to reach the skeletonized stage of decay were affected by functional group
exclusion and biomass as well as functional exclusion interactions, primarily by accelerated
decomposition in single carcass open treatments. The loss of several carcasses from these
treatments may still have an effect on this response.
As time passes, carrion will decompose through the different stages of decay, resulting in
changes to total body scoring (TBS) and thus date will also be a significant factor (Payne 1965,
Bornemissza 1957). However, biomass did not generally have an effect on decomposition rates.
MMEs and single carcass events decomposed at similar rates. Vertebrate (where applicable) and
invertebrate scavengers may not have been inundated by the amount of carrion at MME
treatments. It has been shown that larger amounts of carrion may inundate vertebrate scavengers,
with invertebrate scavengers being inundated at even larger MMEs (see Tomberlin et al. 2017).
However, when MMEs included scavenger exclusion, it took a longer period of time to reach the
advanced stages of decomposition. Therefore, MMEs of this size (~ 360 kg) without the presence
of vertebrate scavengers may have inundated the invertebrate scavenging community, to an
extent. The combination of both biomass and functional exclusion has an overall effect on the
decomposition rate.
Fencing (functional group exclusion) did still have an effect on decomposition rates, even
when accounting for differences between missing and skeletal carrion. There may be an effect of
functional exclusion due to herbivore exclusion and open fencing being similar when compared
to scavenger exclusion as both herbivore and open treatments were open for the entirety of the
total body scoring for decomposition rate. There may still be an effect of the early loss of the two
open carrion treatments as well.
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1.5.2

Soil nutrients
Nitrogen, potassium, and calcium in the soil were all significantly affected over time as

well as by other differing experimental variables. Nitrogen was significantly affected over time,
with some treatments increasing, decreasing, or remaining fairly unchanged. Nitrogen both at
MMEs and single carcass treatments were not significantly different a year or two years later. A
year and a half later collection points did differ from almost all other dates across both
biomasses. Within a year, nitrogen appears to have returned to a similar state as before
experimentation. However, nitrogen has been detected in gravesoils up to a year later (Anderson
et al. 2013) or in some cases even up to three years after death (Towne 2000) or longer
(Parmenter and MacMahon 2009).
Nitrogen can be cycled back into the environment faster than other nutrients from a
combination of soil arthropod, microbial, and scavenger responses (Maran et al. 2020, Metcalf et
al. 2016, Parmenter and MacMahon 2009). Bacterial nitrogen fixers were detected in the soil a
year to two years later in our study. Less nitrogen may have entered the soil through increased
vertebrate and/or invertebrate scavenging as decomposition rates indicated scavenger efficiency
across all treatments (Parmenter and MacMahon 2009, DeVault et al. 2003). Though fencing was
not significant, scavenger exclusion treatments were the only functional group exclusions that
had a significant effect from nitrogen across date (though once again only involving comparisons
one and a half years later). Increased plant growth around carrion may indicate that increased
plant uptake of nitrogen may have occurred (Yang 2013). Return to normal levels may be
indicated by the lush vegetation (Anderson et al. 2013).
Potassium levels were also affected by date as well as biomass and functional exclusion.
Potassium was retained in the soil for much longer, as single carcasses had increased potassium
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for up to a year after carcass placement while MMEs had increased potassium up to at least two
years later. Several previous studies have found potassium in elevated soil levels one (Szelecz et
al. 2018, Vass et al. 1992) to even five years later (Melis et al. 2007). The reasons behind the
wide variation in soil potassium persistence after carcass placement appear to be mostly
unanswered. Too much potassium may be detrimental to plants and result in less use of this
nutrient (Kito et al. 2017, Yao et al. 2010).
When it came to functional exclusion, scavenger and herbivore treatments were similar in
significant differences in potassium across date, differing up to two years later (depending on
biomass). However, open treatments were not significantly affected two years later, indicating
that open treatments may have returned to a stable state sooner. Open treatments remained open
for the entirety of the experiment as a control. Expected results would have shown potassium
remaining longer in scavenger exclusion soils compared to other fencings, due to lack of
vertebrate scavenging. Potassium is an important element within organisms and is released from
carrion during decomposition (Yong et al. 2019). Therefore, vertebrate scavenging would have
removed carcasses before or during potassium loss. MME sizes and invertebrate scavenging may
have made up this difference, but this would not explain why open treatments differed. Both
open treatments and herbivore treatments allowed for scavenging. Open treatments may not have
had lasting changes due to the loss of several single carcass open plot carrion. Potassium is
generally one of the first nutrients leached from carrion (Parmenter and MacMahon 2009,
Seastedt and Tate 1981), varying across different species (Towne 2000). When including
biomass into interaction effects (averaging dates), single carcasses did not differ across
functional group. MME comparisons only noted significant differences between open control
fencing compared to other exclusions. No significant differences were noted between scavenger
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exclusion and herbivore exclusion MMEs. Some combination of scavenging and herbivory could
be lending to the differences in open (MME) treatments. Plants were present at open control
treatments, but not in larger amounts as observed visually at herbivore exclusion treatments.
However, more research would need to be performed to understand these effects.
Calcium was affected by date and fencing, with biomass only trending towards having a
significant effect. However, there was a significant interaction effect between biomass and
functional exclusion. Individually, there appears to be significant effects of the two years later
date and single carcass treatments. All time comparisons across all functional groups were
significantly different when compared to two years later collection dates. Before experimentation
soil calcium was not significantly different a year or year and a half later but was two years later.
The same was seen across biomass. Calcium is the last nutrient to leach from carrion into the soil
(Parmenter and MacMahon 2009, Seastedt and Tate 1981), though calcium is usually seen in
abundance by the dry and remains stages of decomposition (Carter et al. 2007, Vass et al. 1992).
Upon further comparisons of biomasses and functional group exclusions, it becomes evident that
single carcass herbivore exclusion treatments may differ significantly from other treatments. In
visualization (Figure 8), calcium is generally much lower and less variable in herbivore
exclusion single treatments.
In herbivore exclusion treatments, scavengers removed carcasses early and dispersed
them outwards, reducing the ability for calcium to seep into the soil. Calcium would
simultaneously be less in single carcass treatments as MMEs have much larger biomasses and
increased levels of calcium to deposit in the soil. The lack of herbivory may be another factor;
however, herbivory has been seen to increase nutrient uptake in plants (Heinze 2020), which
does not fully align with our results. However, which specific nutrients are associated with this
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increased nutrient uptake is still unclear (Heinze 2020). Even so, it is possible that the lack of
herbivory could have allowed for increased plant uptake by the extreme amount of plant growth
present compared to other treatments.
Both soil nitrogen and soil potassium appear to have unique changes at the 7/21/20 (year
and a half) collection point. Nitrogen suddenly increases after a decrease from one year later.
There was also a decrease at two years. These changes were noticed across all treatments
including non-carrion reference treatments. Potassium increased at a year and a half. This
increase was noticed one year later as well, however, the increase at 7/21/20 is dramatic and
appears to indicate that potassium increased even more after a year, only to decrease again at
year two. This was observed for all treatments, including reference treatments. Collections at this
point in time may be skewed due to environmental or seasonal factors. Similar potential date
differences are noticed in July collections for soil arthropods (though in a different year).
1.5.3

Plant nutrients
All analyzed plant tissue nutrient results were affected by date, with biomass having an

effect on all nutrients analyzed with the exception of calcium. Nitrogen (percent) in plant tissue
had significant differences over time, both for MMEs and single carcass treatments. MMEs and
single carcass treatments also differed significantly from each other approximately one and a half
years after carrion placement, but not two years later. MMEs had more extreme increases in
plant tissue nitrogen as more carrion allowed for a higher deposit of nitrogen into the soil.
However, plant tissue nitrogen was significantly different between MMEs and single carcasses a
year and a half later, but not two years later. Plant community effects may have further stabilized
years later.
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Percent potassium is also affected by date and biomass, with MMEs having larger
increases in plant tissue potassium. Single carcasses and MMEs differ significantly over time as
well as differing from each other at both time point collections. Though references were not
included in statistical tests, manual calculations showed that plant tissue potassium increased (on
some level) in all four references treatments over time. Therefore, there could also be
seasonal/temporal effects altering plant tissue potassium. However, the significance of these
increases in reference treatments appear to be different from those at single carcass treatments
and MMEs. MMEs clearly had a much higher increase in potassium, showing that carrion
biomass (and therefore carrion in general) altered plant tissue nutrients. Potassium in plants is
essential for plant responses to stress and overcoming its deficiency is critical for crop and plant
production (Wang et al. 2013, Prajapati and Modi 2012). Plant uptake of potassium generally
happens in earlier stages of plant growth (Prajapati and Modi 2012). Many plants in the
immediate vicinity of carrion died and new growth began with an abundance of potassium as
seen it its persistence abundance in the soil (see soil nutrient results). Potassium levels in plant
then remained elevated across time and in especially higher amounts at MMEs.
Percent phosphorus in plant tissue was similar to percent potassium as phosphorus
differed significantly across dates, but the only significant differences between biomasses was
two years later. All three functional group exclusions saw increased percent phosphorus at
MMEs compared to the related single carcass treatments. Once again, MMEs were seen to have
clear higher abundances of phosphorus in plant tissue compared to most single carcasses.
However, phosphorus is also lost at a slower rate compared to nitrogen and potassium through
leaching from carrion bones (Parmenter and MacMahon 2009). Even so, carrion skeletal stages
were reached within a month for our experiment. Phosphorus also occurs in low concentrations
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in soils, becoming one of the most limiting factors for plant growth (Shen et al. 2011, Shenoy
and Kalagudi 2005, Hinsinger 2001). Different carrion can leach different amounts of
phosphorus at different times (Parmenter and MacMahon 2009) and vary in plant tissue based on
uptake time. Different plants have different capabilities and efficiencies when it comes to
phosphorus acquisition (Shenoy and Kalagudi 2005, Hinsinger 2001). Due to a combination of
slower release from carrion and potential slower phosphorus uptake, phosphorus amounts may
be similar across biomass until two years later, where more excess phosphorus is able to be
acquired at MMEs.
Calcium in plant tissue was initially not affected by any predictor variables. However, an
extreme large outlier existed at one of our treatments. Based on plant collection notes, the plant
species that dominated at this plot differed from all of the plant species collected at other
treatments (grasses). With the removal of this outlier, date became the only significant factor on
calcium. While functional exclusion was not a significant factor, it did have a conditional effect
with date. Scavenger exclusion and open treatments differed significantly between dates whereas
herbivore exclusions did not. There may be a slight effect from herbivore treatments having
increased calcium at some treatments over time and decreased at others. While these plant
communities are generally similar across the remaining treatments, it is possible that calcium
values may still vary amongst species that were difficult to distinguish in the field. Herbivores at
the other functional exclusions may affecting the uptake of calcium. However, visual
representations of the calcium plant tissue data tell a more confusing story. More calcium is
actually present at herbivore single carcass treatments in plant tissue compared to MMEs. Across
multiple treatments, some calcium levels increased while others decreased over time. There was
an effect of MMEs over time points, which would lead to assumptions about increased calcium
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in the plants from further calcium in the soil, particularly later as calcium is one of the last
nutrients to leach from carrion (Parmenter and MacMahon 2009). Calcium has been observed in
higher abundances during dry and remains stages of decomposition (Carter et al. 2007, Vass et
al. 1992). However, in our studies, calcium in the soil seemed significantly different two years
later but not earlier (at one and a half years). This could be due to a slower leaching of calcium
from carrion. Further comparisons determined that there was a significant difference of open
treatments when comparing MMEs and single carcasses. The difference of biomasses in open
control groups has been noted several times in this study in comparison to actual functional
group exclusions and may require further investigation. Seasonal differences may also play a role
in the differences in treatments, indicating why date may be the only true significant independent
factor.
Plant community effects through biomass are notable at carrion sites, with a large
amounts of plant growth. Similar to Towne 2000, we visually noticed a decrease in plant growth
initially, followed by a proliferation of plants. Carcasses may also result in last biogeochemical
changes capable of altering plant growth and diversity through an influx of nutrients (Bump et al.
2009b), resulting in lasting plant tissue effects with large biomasses. Mass death of herbivore
communities have even begun to be monitored in nature, showing a cascading effect on plant
communities and other community participants (Monk et al. 2022). Regardless of assessed
nutrient, plant tissue did not appear to be significantly affected by functional exclusion.
Herbivore exclusion treatments may not contain the large differences as a factor of plant
response due to activity of other groups such as scavengers and the potential for infectious
disease proliferating from carrion (Bump et al. 2009b, Danell et al. 2002). Therefore, regardless
of functional exclusion, herbivores were either excluded or may not have attended treatments due
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to carrion, at least not on a scale large enough to have lasting effects. Different plants may also
contain differences plant tissue nutrient levels, as evident in our own study where the one major
plant species difference at one of our treatments resulted in much higher calcium nutrient
responses compared to other plant communities.
1.5.4
1.5.4.1

Soil microbes
Significant Microbiome Differences According to Biomass or Carcass
Placement
Significant differences have been detected across different carrion biomasses,

sites/replicates, and time but not functional group exclusion or fencing. Biomass significance
was only detected between reference and MME plots and single and MME plots but not between
reference and single plots. Due to a holistic sampling method of subsamples across the pit, the
microbial communities from single carrion plots may not have been altered as dramatically as the
MMEs and thus, is similar to the reference plots.
Overall, differences in biomasses are noticeable between different biomass treatments.
MMEs have the presence of microbial taxa that occur in association with insects (Clostridium
sensu stricto 7, Rickettsiales, Chitinophagaceae, Alcaligenes), gut microbiomes (Clostridium
sensu stricto 7), pathogens/infections (Rickettsiales, Glutamicibacter, Myroides, Hathewaya),
plants (Glutamicibacter, Myroides, Nitrospira, Alcaligenes, Stenotrophomonas), decomposition
(Chitinophagaceae, Clostridium sensu stricto 18, Alcaligenes), soil (Glutamicibacter, Myroides,
Alcaligenes) as well as other bacteria involved in nitrogen cycling (Hathewaya, Nitrospira,
Stenotrophomonas), hydrogen production (Clostridium sensu stricto 7), and sulfur cycling
(Stenotrophomonas) when compared to reference (no carrion plots). Predatory bacteria
(Myxococcus), as well as those involved in dairy waste (Clostridium sensu stricto 18), waste
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treatment plants, water, and animals (Alcaligenes) are also present in higher abundances.
Reference plots had more bacteria associated with nitrogen, soil aggregation, and plant growth
from cyanobacteria (Nostocaceae, Scytonema PCC-7110). While both plots involved different
species affecting plant growth, MMEs had the presence of bacteria associated with carrion
including those from gut microbiomes, decomposition, and insects as well as potentially
resulting pathogens and general soil bacteria. Reference plots contained more microbial taxa
involved in nutrient cycling, plant growth, and general soil quality.
MMEs also had different species compared to single carcasses including those associated
with pathogens/infections (Comamonas testosteroni, Clostridium sensu stricto 1, Bacillaceae),
plant rhizospheres and leaf litter (Chitinophaga, Chryseobacterium, Pseudomonas fluorescens,
Cnuella), and soils (Chitinophaga, Chryseobacterium, Pseudomonas fluorescens). These species
are also associated with insect chitin (Chitinophaga), heavy metal bioremediation (Comonas
testsoteroni), degradation of testosterone (Comonas testosteroni), gut microbiomes (Clostridium
sensu stricto 1), free-living species (Bacillaceae), water (Pseudomonas fluorescens,
Chyrseobacterium), and composting (Cnuella). No bacterial taxa were found in more abundance
at single carcass plots. MMEs may have similarly resulted in pathogenic species from carrion as
well as the resulting plant growth from nutrients. However, there are no significant differences in
microbial taxa in abundance at MMEs compared to single carcasses related to decomposition as
those species arise from both carrion biomasses.
MMEs showed significantly higher abundance of Clostridium, Mitochondria
(Rickettsiales), Myroides (Flavobacteriaceae), Myxococcus (Myxococcaeae), and
Chitinophagaceae compared to both reference and single carcass plots, indicating a potential
effect of increased carrion biomass on microbial community relative abundance. Clostridium
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sensu stricto 7 can be found in Hermetia illucens larvae gut (Cifuentes et al. 2020). Clostridium
sensu stricto 7 has also been found to be a dominant taxon associated with dark fermentation
(sewage sludge) with protein substrates (used for hydrogen production) (Litti et al. 2021) as it is
also a dominant hydrogen producing group (Pason et al. 2020). This group is also highly present
in meat-fed tigers gut microbiome more so than milk-fed tigers, showing that change in diet can
affect the presence of Clostridium sensu stricto 7 (Jiang et al. 2020), and is part of skin
microbiota of German shepherds (Apostolopoulos et al. 2021). Clostridium sensu stricto 18 is
present in a range of locations from dairy wastewater and cheese whey (Charalambous et al.
2020) to decompositions 7 to 15 days postmortem (Liu et al. 2020). Hathewaya species include
facultative pathogens that can influence inflammation in the presence of Norepinephrine (Menon
et al. 2019). Clostridiaceae also contains a wide range of nitrogen fixers (Weigel et al. 2006).
This association with gut microbiomes suggests that this taxon was also present in swine guts
and was likely deposited by the carcasses.
Mitochondria from Rickettsiales was also highly prominent. Mitochondria are
phylogenetically placed within Rickettsiales and are generally considered to be a result of an
endosymbiotic event (Wang and Wu 2015). In this instance, I included Mitochondria, which
could reflect eukaryotic sequence contamination. However, Mitochondria from Rickettsiales
could also result from the carrion at the plots or even insects that attend carrion. Rickettsiales are
insect symbionts both with Wolbachia and in trematode life cycles (Yu and Walker 2006).
Rickettsiales may also create increased health risk through eating food grown in affected soils
(Gao et al. 2020).
Chitinophagaceae consumes fungi and insect chitin, hence its name (Carter et al. 2016).
This family of bacteria is noticeably present during decomposition, primarily in warmer months
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(Carter et al. 2016). Chitinophaga was also found in abundance at MMEs. Chitinophaga species
are bacteria capable of producing myxospores first discovered in pine tree leaf litter (Sangkhobol
and Skerman 1981). Members of this species are chitinolytic (Sangkhobol and Serkman 1981)
and have been found in soils (Weon et al. 2009, Kim and Jung 2007), including rhizosphere soil
(Chung et al. 2012). Cnuella, another genus of Chitinophagaceae discovered at MMEs. has one
species which has been isolated from plant species (Zhao et al. 2014) and humus composting
(Zheng et al. 2021).
Myroides is present in several habitats including as a rare opportunistic pathogen with a
broad range of antibiotic resistance (Hu et al. 2016, Schrottner et al. 2014). Myroides has also
been seen to be associated with enhanced plant growth and soil fertility (Kaur and Kaur et al.
2021). Myroides have been associated with soil fertility and plant growth (as well as the rare
opportunistic pathogen) (Kaur and Kaur 2021, Hu et al. 2016, Schrottner et al. 2014).
Myxococcus is a swarming predatory bacterium that is relatively ubiquitous (Morgan et al. 2010,
Pham et al. 2005, Dworkin and Eide 1983).
Glutamicibacter (Micrococcaceae), Nitrospira (Nitrosomonadaceae), Alcaligenes
(Burkholderiaceae), and Stenotrophomonas (Xanthomonadaceae)were signinfantly higher in
relative abundance in MME plots than in reference plots. Glutamicibacter have adaptive
strategies that allow them to exist in a wide variety of habitats (Borker et al. 2021) including in
plant samples where Glutamicibacter species promote plant growth and tolerate high
concentrations of NaCl (Qin et al. 2018). They have also been isolated from infections (Santos et
al. 2020) to plants and soils (Qin et al. 2018).
Other taxa with significantly higher relative abundance in MME samples compared to
reference plots include Nitrospira and Alcaligenes. Nitrospira are important for their role in
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nitrification, with a versatility that allows them to use a broad range of habitats (Daims and
Wagner 2018, Diams et al. 2015). Nitrospira is also capable of nitrogen removal in wastewater
treatment plants and able to dominate nitrite oxidation when nitrite and ammonium are in low
concentrations (Blackburne et al. 2007). Alcaligenes are also found in a wide range of habitats
including wastewater treatment plants, rhizospheres, soil, water, and even in animals (potentially
through ingestion of fruits and vegetables) (Nakano et al. 2014). Alcaligenes are also ubiquitous
as a non-pathogen during decomposition (Solter et al. 1989) as well as being received from
several species of Nicrophorus tomentosus beetles (Solter et al. 1989).
Finally, Stenotrophomonas are found in a variety of environments including in
association with plants and plant growth through beneficial plant interactions and nitrogen and
sulfur cycling (Ryan et al. 2009). Stenotrophomonas could be in higher abundances at MMEs
due to the increased nutrient input from carrion and need for increased nutrient cycling.
Myxococcus species are also known to be largely predatory in nature due to swarming
capabilities (Pham et al. 2005, Merroun et al. 2003, Reichenbach 1993, Dworkin and Eide 1983).
They are also capable of producing large amounts of extracellular polymeric substances
(Merroun et al. 2003, Reichenbach 1993). In this instance, Myxococcus may be in higher
abundance at MMEs due to the increased presence of other microbes that Myxococcus may prey
upon.
Microbial taxon relative abundance from MME samples showed some taxa exclusively
and significantly higher in relative abundance when compared to only the single carcass plots.
Comamonas testoteroni is a species that prominently degrades testosterone (Horinouchi et al.
2012, Dodson and Muri 1958). C. testosteroni has also been found in conjunction with some
(infrequent) occurrences of C. testosteroni bacteremia infection (Tsui et al. 2011) and may be
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useful in bioremediation of heavy metal polluted soils (Zheng et al. 2014). Chryseobacterium
occur in plant rhizospheres (Young et al. 2005), wastewater (Kampfer et al. 2003), sludge (Zhou
et al. 2007), water (Zhou et al. 2007), and soil, including polluted (Zhou et al. 2007) and tarcontaminated (Shen et al. 2005) soils. Certain species of Chryseobacterium have also been
isolated from human patients (Lin et al. 2010). Bacillaceae include pathogenic and free-living
species (Schmidt et al. 2011) that are quite robust in low levels of oxygen (Yang et al. 2019),
high levels of salinity (Marquez et al. 2008, Echigo et al. 2005), and their ability to form resistant
endospores (Mandic-Mulec et al. 2015). Pseudomonas species inhabitat many locations from
plants to soil to water (Paulsen et al. 2005). Pseudomonas fluorescens are commensal with plants
and plant growth, highly expressed in plant rhizospheres (Paulsen et al. 2005, Rainey 1999). The
more carrion, the more likely associated pathogens from any of those carrion may appear in the
ecosystem. Other microbial families may proliferate at higher abundances at MMEs due to
potential large increases in plant growth from increased soil nutrients. Certain microbial taxa
present at MMEs may also be better equipped to withstand the harsh conditions.
However, reference plots had two microbial taxa with significantly higher relative
abundance than MMEs including Nostocaceae, and Scytonema PCC-7110, also part of the
family Nostocaceae, which includes genus Nostocales. Nostocales is a genus of cyanobacteria
that have expanded invasively in freshwater environments across the globe (Sufenik et al. 2012).
Nostocales and Nostoceae are also capable of fixing atmospheric nitrogen (Sufenik et al. 2012,
Bennicelli et al. 2004). Cyanobacterium Scytonema PCC-7011 have had two novel cyclic
depsipeptides isolated from its presence in axenic cultures (Matern et al. 2001). Cyanobacteria in
general may be important in the soil for supplying nitrogen (Pankratova 2006), promoting soil
aggregation, and may enhance plant growth (Kumar et al. 2018, Issa et al. 1994). In carrion plots,
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increases of nitrogen (and potentially the physical disturbance) result in cyanobacteria
elimination, while reference plots remained undisturbed (Pankratova 2006).
1.5.4.2

Significantly Different Taxon Prevalence According to Date
For comparisons of dates (across all treatments), 4/12/19-4/17/19 and 4/21/19 were not

significantly. However, comparisons before (4/12/19-4/17/19) and one month after (5/4/19) had
significant differences. The 5/4/19 collection date had significantly higher abundances of
Myroides, Planococcaceae, Alcaligenes, Mitochondria (Rickettsiales), Anuerinibacillus
(Paenibacillaceae), Oblitimonas (Pseudomonadaceae), Stenotrophomonas
(Xanthomonadaceae), Sphingobacterium (Sphingobacteriaceae), Myroides sp. Icri10,
Acinetobacter (Moraxellaceae), Ulvibacter (Flavobacteriaceae), and Pseudomonas fluorescens.
For date comparisons, there was no significant difference between before the experiment and one
week after. However, there are significant differences one month, one year, and two years later.
One month later, there were more microbial taxa involved in decomposition (Planococcaceae,
Alcaligenes, Sphingobacterium), plant growth and rhizospheres (Myroides, Stentrophomonas,
Pseudomonas fluorescens), and soil (Myroides, Planococcaceae, Alcaligenes, Aneurinibacillus,
Acinteobacter) as well as with infection/pathogens (Myroides, Oblitimonas, Sphingobacterium,
Acinetobacter), water/wastewater (Anuerinibacillus, Alcaligenes, Acinetobacter, Ulvibacter),
insects (Alcaligenes, Rickettsiales), composting (Ulvibacter), and nitrogen and sulfur cycling
(Stenotrophomonas). Meanwhile, before the experiment, more microbial taxa were seen in
association with various soils, including those that may be acidic (Pyrinomondaceae,
Blastocatellia).
Apart from those described in the previous section, Planococcaceae are within the Order
Bacillales, an Order currently being reclassified (Gupta and Patel 2020, Maayer et al. 2019).
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Planococcaceae have been located in soils, including being dominate in the Guangxi Zhuang
Autonomous Region soils with lower pHs and higher organic carbon levels (Jiang et al. 2016)
though other soils indicated that an increase in pH under nitrogen fertilization can increase
Planococcaceae (Suzuki et al. 2021). However, this family may not have any genes that would
be used in the denitrification and nitrification cycles (Suzuki et al. 2021). Planococcaceae is also
a dominant taxon during the fresh stage decomposition (Dangerfield et al. 2020).
Aneurinibacillus (Paenbacillaceae) is a strictly aerobic genus that does not utilize nitrate
(Shida et al. 1996). Aneurinibacillus species have been known to secrete an organic solventtolerant and thermostable lipase (Masomian et al. 2013). This genus has also been discovered in
geothermal soils in the Antarctica (Allan et al. 2005), mountain soils (Lee et al. 2014, Allan et al.
2005), landfills and sewage treatment (potentially towards biodegradation) (Skariyachan et al.
2018) and marine locations (Balan et al. 2017).
Oblitimonas are newly discovered aerobic bacteria, first located in different human
clinical strains from historical collections (Drobish et al. 2017). Stenotrophomonas are located in
many habitats, primarily associated with plant growth due to beneficial interactions and sulfur
and nitrogen processes (Ryan et al. 2009). Sphingobacterium species are prolific in summer
month carrion decomposition (Carter et al. 2016). Several species of Sphingobacterium are also
agents of infection, including in cases of cystic fibrosis (Lambiase 2014). Acinetobacter are
found both in association with infections as well as soil and water environments. Acinetobacter
are seen as an infectious agent in hospital outbreaks (Munoz-Price and Weinstein 2008) and can
suppress immune responses (Smeekens et al. 2014). This genus is unable to fix nitrogen but can
use multiple sources of carbon (Baumann et al. 1968). Acinetobacter are prevalent in soil and
water, potentially for aerobic mineralization of organic matter (Baumann 1968, Baumann et al.
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1968). Ulvibacter have been collected from coastal seawater (Baek et al. 2014), including colder
locations such as the Antarctic (Choi et al. 2007). This genus has been further studied from Ulva
fenestrata (a green algae) (Nedashkovaskaya et al. 2004) and manure composting (due to carbon
degradation capabilities) (Yin et al. 2021).
One year later, two taxa were in higher significant abundance than before the experiment
including those involved in gut microbiomes, insects, pathogens, and potential hydrogen
producing and nitrogen fixing groups (Clostridium sensu stricto 7, Hathewaya). Two years later,
Clostridium sensu stricto 7 and Hathewaya were still present as well as microbial taxa involved
in calcite precipitation (Sporosarcina pasteurii), dairy waste, decomposition (Clostridium sensu
stricto 18) and others associated with plants, soil, insects, and marine environments
(Microbacteriaceae). Free-living and pathogenic bacteria were also present (Bacillaceae).
Before the experiment, there were also species associated with decomposition, both from chitin
presence (Chitinophagaceae) and plant decomposition (Bryobacter). Species were also found in
association with plant rhizospheres (Parafilimonas), various soils (Bryobacter, Parafilimonas,
Pyrinomonadaceae, Blastocatellia).
The before collection timepoints (4/12/19-4/17/19) and one year after measured higher
abundances of Pyrinomondaceae (RB41), and Blastocatellia compared to both the one year and
two year collection dates. Pyrinomondaceae have been collected from volcanic and savannah
soils and are adapted to a wide range of pH levels on limited amounts of growth substrates (Wust
et al. 2016). Others of class Blastocatellia were discovered, though not further identified to a
lower taxonomic level. Blastocatellia have been located in unfixed sands (Wust et al. 2016).
Blastocatellia of subdivision 4 of Acidobacteria have been discovered in various soils (Huber et
al. 2017, Wust et al. 2016).
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Parafilimonas (Chitinophagaceae), Chitinophagaceae, and Bryobacter (Solibacteraceae)
were in higher abundance in the before collection timepoint compared to the two year timepoint.
Parafilimonas are located in soils including greenhouse soils (Kim et al. 2014) and plant
rhizospheres such as tomato plants (Cho et al. 2017). Bryobacter is an acidotolerant genus of
bacteria associated with peat bog soils (Kulichevskaya et al. 2010), biofilms (Wan et al. 2021),
antibiotic resistant genes (Wan et al. 2021), low selenium soils (Maiomaio et al. 2019), and
decomposing rice straw (Liu et al. 2021). But interestingly, Clostridium sensu stricto 7 and
Hathewaya were still detected in significantly higher abundance at the 1 year and the 2 year time
point.
Two years later, there were more bacteria associated with skin and gut microbiota
(Clostridium sensu stricto 7), decomposition (Clostridium sensu stricto 18), dairy waste
productions (Clostridium sensu stricto 18), pathogens (Hathewaya, Bacillaceae), soils
(Microbacteriaceae, S. pasteurii), water, sewage, plants, and insects (Microbacteriaceae) than
before carcass placement. Before carcass placement comparisons contained more taxa associated
with soil (Blastocatella, Pyrinomondacaeae, Parafilimonas, Byrobacter), plant rhizospheres
(Parafilimonas), insects/decomposition (Parafilimonas), peat bogs, biofilms (Bryobacter), and
decomposition plant litter (Bryobacter).
Microbacteriaceae, Sporosarcina pasteurii (Planococcaceae), and Bacillaceae were also
significantly higher when compared to the before placement samples, suggesting a long-lasting
effect of carcass placement. Microbacteriaceae have also been located in contaminated soil,
plants, insects, and sewage (Zhang et al. 2016, Evtushenko and Takeuchi 2006) as well as marine
environments (Han et al. 2003). Sporosarcina pasteurii is a soil bacterium capable of using
multiple nutrient sources to induce calcite precipitation (Achal et al. 2010, Achal et al. 2009).
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Most microbial taxa associated with date are to be expected. Microbial taxa associated
with decomposition were present one month to two years later, depending on the taxa. Different
plant microbial taxa benefiting plant growth and associated with rhizospheres were also present
both one month later and two years later. One year later microbial taxa were also present two
years later, showing more similarities and less variation between further future dates. The biggest
differences are potentially between one month and one to two years later. One month collections
had a higher presence of those involved in decomposition, composting, and nutrient cycling.
Different microbial taxa involved in decomposition were identified at future dates, indicating
some longer lasting effects. Future species years later also involved more plant and soil
communities, potentially showing a shift in focus on plant growth resulting from carrion
nutrients. Both one and two year collections differed from before the experiment, indicating one
of two possible effects. First, microbial communities may still be recovering from the events
such as the MMEs. Second, the microbial communities may have been completely altered by the
presence of carrion, now stabilized but with a completely different community structure.
Regardless of the reasoning, microbial communities are most affected by MMEs across and up to
two years later.
1.5.5

Soil arthropods
A general effect was seen across all index measurements for dates on soil arthropods

where family richness, functional richness, evenness, and abundance increased a week later,
followed by a decrease three months later, and an increase back up one year later. While
functional richness was not significantly affected by any predictor variables, graphs showed that
it also followed a similar pattern (Figures 32, 33). An initial effect of family richness was seen
one week after carrion placement, with an increase in family richness across all treatment
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treatments. Reference treatments remained stable with a large amount of family richness.
However, several months later (7/20/19), soil arthropod family richness was not significantly
different from before carrion placement, with reference treatments also being affected (though
not included in statistical analyses). Initial conclusions would lead us to believe that communities
restabilized three months later. Mites may have been a large contributor as their numbers have
been shown to decrease within the first week of decomposition only to reemerge 3 months later
(Bornemissza 1957). However, significant increases were noted in a year later. These could be
potentially due to seasonal changes. Other research on shrub plantations determined that ground
arthropod community indices decreased from warmer spring months to summer to autumn (Liu
et al. 2013). While not focused on arthropods within the soil, this does give some insight into the
potential seasonal effects that may be altering later changes in soil arthropod indices. Soil
moisture and precipitation may also have an effect on mites and collembola, with mites generally
preferring drier areas and collembola preferring moisture locations (Barberena-Arias et al. 2012,
Kardol et al. 2010).
While biomass did not have an independent significant effect on family richness, there
was a noticeable difference in interaction comparisons with date, showing a significant effect
between before carrion placement and one week after at MME treatments but not for single
carcasses. This could occur for numerous reasons. For one, soil arthropod collections were made
across the entirety of the treatments, thus the effects of a single carcass may not have spread
throughout the treatments. However, the effect would have been more widespread across MME
treatments. MMEs also create larger nutrient pulses that could attract different soil and ground
arthropods. Fencing (functional exclusion) was not a significant predictor variable. Open control
treatments had both the presence of scavenging and herbivory. The inclusion of both these may
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have resulted in a unique interaction effect. This could also be due to the removal of several
single carcass open plot pigs. A similar response was seen for soil arthropod abundance as well.
Functional richness was not significantly affected outside of date. Several functional groups may
be present across all dates and treatments, with few changes in the presence of functional groups.
However, potential further studies may benefit from viewing any potential differences within
individual functional groups to see if the number of individuals in each functional group
increases or decreases across treatment levels.
Evenness (family level), as determined by Shannon diversity index, noted only
significant differences across time. Like family richness, all date comparisons were significantly
different except for 4/12/19 and 7/20/19, and 4/21/19 and 5/18/20. MMEs and single carcasses
were not significantly different from each other when conditional to date. Fencing conditional
comparisons had similar significant effects across fencing and dates with two exceptions.
Scavenger exclusion was the only functional exclusion to not have a significant difference
between 4/12/19 and one week later. Herbivore exclusion was the only functional exclusion to
not differ between 7/20/19 and 5/18/20.
Soil arthropod abundances were significantly affected by date, biomass, and functional
exclusion. Biomass and date interactions demonstrated significant differences of both biomasses
across all time points except before carrion placement to three months later, where only single
carcasses were significantly different. MMEs had higher abundances at 7/20/19 that were similar
to before carrion placement whereas single carcasses had less abundance than before. While not
included in statistics, reference treatments had a higher amount of soil arthropod abundance at
this date than the single carcass treatments. Nutrient levels at single carrion treatments are less
than MMEs due to the larger number of nutrient deposits from carrion into the soil. Less
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nutritional value at single carcass treatments may have reduced soil arthropod abundances,
though this does not explain why reference treatments had higher soil arthropod abundance than
single carcass treatments. Perhaps, the uptake of soil nutrients was higher at carrion treatments,
resulting in a quick depletion at single carcasses that would not be prevalent at reference
treatments.
When performing functional exclusion (fencing) pairwise comparisons under biomass,
scavenger exclusion MMEs differed from other MMEs, while there were no noted differences
between functional exclusions under single carcasses. The increase in carrion biomass along with
exclusion of scavenging and increase in soil nutrients allowed for the increase in soil arthropods
at these treatments.
Functional group exclusions also varied, though not between herbivore and scavenger
exclusion treatments. Scavenger and herbivore exclusion treatments differed significantly when
comparing dates 4/21/19 and 5/18/20, but not open control treatments. The opposite effect was
noted between 4/12/19 and 7/20/19 dates. Scavenger and herbivore exclusion treatments
differing a week after carrion and one year later may signify the community beginning to
recover. Open control treatments are similar at these dates; however, open control treatments are
the only fencing group that is significantly different from before carrion placement and three
months later. These results can be difficult to interpret as it would appear the herbivore and
scavenger exclusion treatments recovered three months later, only to significantly change again a
year later. Open control treatments still differed in soil arthropod abundance three months after
decomposition and continued to show potential decomposition effects as soil arthropod
abundances during decomposition (one week) were not significantly different from communities
a year later. Carcass removal and/or seasonal effects may also be creating these surprising
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differences at control treatments. Carcass loss at single carcass open treatments cannot be the
sole factor creating significant differences at open treatments. When analyzing statistical
differences from functional exclusion conditional to biomass, there was no significant difference
of functional group exclusion under single carcasses. However, MMEs had significant
differences in soil arthropod abundance when comparing scavenger exclusion and open
treatments as well as scavenger exclusion and herbivore exclusion treatments. Scavenger
exclusion treatments were significantly different compared to the other functional exclusions,
potentially due to the possible increase in soil nutrients as well as potential increased
aboveground arthropod presence.
PermANOVA analyses aided in determining which predictor variables had a significant
effect over the community data as a whole. Soil arthropod communities were generally affected
by time as well as biomass. Further analyses on the community data as a whole also included
indicator species analysis (ISA). ISA reveals that mites and different collembola families are
significantly influenced by the different experiment treatments and time differences, potentially
indicating the use of these groups for determining differences amongst treatments. Mites and
collembola have been documented as key soil arthropods affected by carrion (Smith 1986,
Bornemissza 1957).
Soil arthropods indices had similar effects over time, with some unique effects being
noticed at later dates where indices increased at 5/18/20 but decreased at 7/20/19. As previously
mentioned, soil moisture and precipitation (Barberena-Arias et al. 2012, Kardol et al. 2010) as
well as seasonality and temperature (Rai et al. 2021) can affect soil arthropod communities. Soil
arthropods of a different nature (i.e., not just mites and collembola) may also be seen to increase
in soils under and around carrion including many carrion beetles (Payne 1965), potentially
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leading to an increase in family richness. One study by Melis et al. 2004 discovered that both
abundance and species richness of beetles was higher at carrion sites than non-carrion locations.
Coleopterans had less evenness (using Shannon) at carrion treatments, most likely due to the
level of disturbance at carrion negatively impacting certain species presence (Barton et al. 2013,
Melis et al. 2004). While not focused on coleopterans, a similar effect would be expected for soil
arthropod evenness. However, evenness increased a week into decomposition. As I was only able
to perform family level identification for most of the arthropods (with mites as the largest
exception), it is possible that an effect on the species level may be missing.
Soil arthropods such as collembola and mites are common in the soil during earlier stages
of decomposition, before reductions in relative abundance later followed by until a resurgence
during the dry stages of decay (Smith 1986, Bornemissza 1957). An initial effect would therefore
be seen between the before carrion placement dates and one week after, which, as seen from
carrion decomposition rates, were the early to advanced decay stages. Other studies show an
increase in mite abundance within carcass soils during all stages of decomposition when
compared to the fresh stage in shallow graves (Rai et al. 2021). Mites in particular have multiple
functional capabilities and may arrive at carrion to feed directly, consume plants, and/or predate
on bacteria and nematodes (Braig and Perotti 2009). Outside of collembola and mites, ants were
also present in high quantities. As previously discovered, Formicidae can be present in high
relative abundance across multiple decay stages (Smith 1986, Bornemissza 1957). Other groups
of arthropod species may also benefit from and withstand the disturbance event, with excessive
resources to decrease competition, allowing for the increase in soil arthropod evenness.
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1.6

Conclusion
This study reveals that mass mortality events can have effects on an ecosystem across

multiple levels and that the functional group of the afflicted species can mediate the net effect of
an MME. Soil nutrient levels and subsequent plant tissue nutrients were often affected both by
time as well as biomass, most likely from increased carrion adding additional nutrients into the
ecosystem. However, functional group exclusion was not a main variable of effect, with the
exception of potassium and calcium in the soil. In this instance, potassium levels (conditional on
date) were similar for scavenger exclusion and herbivore exclusion treatments whereas open
treatments were significantly different, with potassium levels showing no significant difference
before carrion placement and two years later. Soil calcium showed differences in functional
exclusion when comparing herbivore single carcass exclusion treatments to others. Other
comparisons of functional group conditional to other factors also indicated a potential difference
of open control treatments compared to the two exclusion treatments. There is the possibility that
there is still some effect of the loss of single carcasses at many open control treatments. Perhaps
the loss of a functional group in general has a significant effect on ecosystem recovery from
MMEs, but the top-down effects vary.
Scavenger exclusion treatments may (depending on invertebrate scavengers) decrease
soil nutrients and subsequently available nutrients for plant uptake and plant tissues. Plant
growth would still be prolific years later, however, herbivores have been known to avoid grazing
near carrion, potentially due to likelihood of infectious disease (Danell et al. 2002). This would
be present regardless of herbivore exclusion/death or herbivore inclusion, as herbivores may
naturally avoid the areas. Some increased plant biomass was noticeable visually at herbivore
MMEs compared to scavenger MMEs, however, the effects may be restricted to plant biomass
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and not necessarily the flow of nutrients through the ecosystem as lack of herbivory would
simply allow for more plant growth.
Soil communities including soil arthropods and microbes showed similar trends. Soil
arthropods were primarily affected by date for all diversity indices; however, abundance was
significantly affected by all three predictor variables. Once again, deviations in functional group
exclusions were open control groups differing from herbivore and scavenger exclusions (which
did not differ). Like soil nutrients, July collection dates also seemed to differ from others,
indicating a potential seasonal or decomposition effect on multiple levels. Soil microbes had
observed changes in community composition between date and biomass, but with no effect of
functional exclusion. However, results did show that soil microbial communities were affected
two years after decomposition with more nutrient recyclers as well as insect and decomposition
associated taxa.
Some instances of potential functional group exclusion and top-down effects were
observed on some levels. Decomposition rates were not significantly affected by biomass, most
likely due to invertebrate consumption, disproving my hypothesis. Many more invertebrates
were present at MMEs according to our aboveground arthropod surveys as previously
hypothesized. Functional exclusion was noted to have a potential significance effect; however,
this was most likely due to carcass removal solely at single carcass open treatments. Two out of
four carcasses went missing from these treatments and, regardless of evaluation of missing vs.
skeletal carrion, this difference seemed to spur potential functional exclusion effects.
In the future, it may be beneficial to perform larger MME studies to determine if size effect with
top-down functional group loss influences the ecosystem as well as more notable effects from
functional loss. Indeed, Tomberlin et al. 2017 noted large potential differences in what
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taxonomic groups may consume more carrion based on carrion size. In the case of our
experiment, invertebrate scavengers may have made up for the loss of vertebrate scavengers at
MMEs. However, if mass mortality events were large enough to inundate invertebrate
scavengers, the top-down effects of scavenger loss may have a more noticeable effect.
Regardless, this study has allowed us to learn more about the effects MMEs have on ecosystems
across multiple levels of investigation from soil communities and chemistry to aboveground
plants and insects as well as decomposition rates. Further research is needed to fully understand
the effects of functional group loss and top-down effects preferably at larger carrion events.
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1.7

Tables

Table 1.1

Soil nitrogen ANOVA

Factor

DF

F-value

P-value

Date (D)

3, 69

8.31

0.0001*

Biomass (B)

1, 69

8.88

0.0040*

Functional group (F) 2, 69

0.40

0.6700

BxD

3, 69

0.09

0.9643

FxD

6, 69

0.21

0.9741

BxF

2, 69

0.81

0.4493

BxFxD

6, 69

0.08

0.9978

Analysis of variance table for Linear Mixed Effects model on the effects of biomass and
functional group treatments on percent nitrogen in the soil. Biomass, date, and functional group
are fixed effects and site was treated as a random effect. *Significance.
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Table 1.2

Soil potassium ANOVA

Factor

DF

F-value

P-value

Date (D)

3, 69

24.59

<0.0001*

Biomass (B)

1, 69

21.17

<0.0001*

Functional group (F) 2, 69

3.14

0.0494*

BxD

3, 69

2.18

0.0980

FxD

6, 69

0.21

0.9738

BxF

2, 69

10.38

0.0001*

BxFxD

6, 69

0.16

0.9861

Analysis of variance table for Linear Mixed Effects model on the effects of biomass and
functional group treatments on potassium in the soil. Biomass, date, and functional group are
fixed effects and site was treated as a random effect. *Significance.
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Table 1.3

Soil calcium ANOVA

Factor

DF

F-value

P-value

Date (D)

3, 69

22.47

<0.0001*

Biomass (B)

1, 69

3.79

0.0557

Functional group (F) 2, 69

6.13

0.0036*

BxD

3, 69

0.46

0.7084

FxD

6, 69

0.23

0.9673

BxF

2, 69

3.41

0.0387*

BxFxD

6, 69

1.06

0.3947

Analysis of variance table for Linear Mixed Effects model on the effects of biomass and
functional group treatments on calcium in the soil. Biomass, date, and functional group are fixed
effects and site was treated as a random effect. *Significance.
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Table 1.4

Plant tissue nitrogen ANOVA

Factor

DF

F-value

P-value

Date (D)

1, 33

48.50

<0.0001*

Biomass (B)

1, 33

15.36

0.0004*

Functional group (F) 2, 33

0.11

0.8924

BxD

1, 33

0.89

0.3519

FxD

2, 33

0.93

0.4058

BxF

2, 33

0.13

0.8780

BxFxD

2, 33

0.84

0.4372

Analysis of variance table for Linear Mixed Effects model on the effects of biomass and
functional group treatments on percent nitrogen in plant tissues. Biomass, date, and functional
group are fixed effects and site was treated as a random effect. *Significance.
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Table 1.5

Plant tissue potassium ANOVA

Factor

DF

F-value

P-value

Date (D)

1, 33

51.33

<0.0001*

Biomass (B)

1, 33

17.66

0.0002*

Functional group (F) 2, 33

2.90

0.0694

BxD

1, 33

0.0002

0.9893

FxD

2, 33

0.07

0.9309

BxF

2, 33

0.13

0.8825

BxFxD

2, 33

0.97

0.3892

Analysis of variance table for Linear Mixed Effects model on the effects of biomass and
functional group treatments on percent potassium in plant tissues. Biomass, date, and functional
group are fixed effects and site was treated as a random effect. *Significance.
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Table 1.6

Plant tissue phosphorus ANOVA

Factor

DF

F-value

P-value

Date (D)

1, 33

92.17

<0.0001*

Biomass (B)

1, 33

24.82

<0.0001*

Functional group (F) 2, 33

1.29

0.2881

BxD

1, 33

3.95

0.0552

FxD

2, 33

0.81

0.4521

BxF

2, 33

1.24

0.3041

BxFxD

2, 33

1.34

0.3328

Analysis of variance table for Linear Mixed Effects model on the effects of biomass and
functional group treatments on percent phosphorus in plant tissues. Biomass, date, and functional
group are fixed effects and site was treated as a random effect. *Significance.
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Table 1.7

Plant tissue calcium ANOVA

Factor

DF

F-value

P-value

Date (D)

1, 33

0.14

0.7118

Biomass (B)

1, 33

0.91

0.3462

Functional group (F) 2, 33

1.20

0.3133

BxD

1, 33

0.73

0.3989

FxD

2, 33

0.83

0.4443

BxF

2, 33

0.88

0.4251

BxFxD

2, 33

1.59

0.2202

Analysis of variance table for Linear Mixed Effects model on the effects of biomass and
functional group treatments on percent calcium in plant tissues, including scavenger exclusion
MME outlier. Biomass, date, and functional group are fixed effects and site was treated as a
random effect. *Significance.
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Table 1.8

Plant tissue calcium ANOVA, excluding outlier

Factor

DF

F-value

P-value

Date (D)

1, 33

10.60

0.0027*

Biomass (B)

1, 33

0.01

0.9057

Functional group (F) 2, 33

0.43

0.6559

BxD

1, 33

0.57

0.4570

FxD

2, 33

1.04

0.3666

BxF

2, 33

4.05

0.0270*

BxFxD

2, 33

2.47

0.1010

Analysis of variance table for Linear Mixed Effects model on the effects of biomass and
functional group treatments on percent calcium in plant tissues, excluding scavenger exclusion
MME outlier. Biomass, date, and functional group are fixed effects and site was treated as a
random effect. *Significance.
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Table 1.9

Soil arthropod family richness GLM

Factor

DF

F-value

P-value

Date (D)

3, 69

16.66

<0.0001*

Biomass (B)

1, 69

0.60

0.4398

Functional group (F) 2, 69

1.52

0.2269

DxB

3, 69

0.26

0.8565

DxF

6, 69

0.35

0.9074

BxF

2, 69

1.21

0.3058

DxBxF

6, 69

0.38

0.8889

Analysis of variance table for Generalized Linear Mixed Effects model on the effects of biomass
and functional group treatments on soil arthropod family richness. Biomass and functional group
are fixed effects and site was treated as a random effect. Data were analyzed with a Poisson
distribution. *Significance.
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Table 1.10

Soil arthropod functional richness GLM

Factor

DF

F-value

P-value

Date (D)

3, 69

4.82

0.0042*

Biomass (B)

1, 69

0.94

0.3361

Functional group (F) 2, 69

0.24

0.7903

DxB

3, 69

0.16

0.9263

DxF

6, 69

0.21

0.9734

BxF

2, 69

0.72

0.4885

DxBxF

6, 69

0.29

0.0384

Analysis of variance table for Generalized Linear Mixed Effects model on the effects of biomass
and functional group treatments on soil arthropod functional richness. Biomass and functional
group are fixed effects and site was treated as a random effect. Data were analyzed with a
Poisson distribution. *Significance.
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Table 1.11

Soil arthropod family evenness ANOVA

Factor

DF

F-value

P-value

Date (D)

3, 69

20.62

<0.0001*

Biomass (B)

1, 69

0.03

0.8648

Functional group (F) 2, 69

2.91

0.0613

DxB

3, 69

0.34

0.7967

DxF

6, 69

0.53

0.7868

BxF

2, 69

1.76

0.1798

DxBxF

6, 69

0.39

0.8808

Analysis of variance table for Linear Mixed Effects model on the effects of biomass and
functional group treatments on soil arthropod family evenness. Biomass and functional group are
fixed effects and site was treated as a random effect. *Significance
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Table 1.12

Soil arthropod abundance ANOVA

Factor

DF

F-value

P-value

Date (D)

3, 69

511.1

<0.0001*

Biomass (B)

1, 69

178.96

<0.0001*

Functional group (F) 2, 69

52.70

<0.0001*

DxB

3, 69

10.50

<0.0001*

DxF

6, 69

16.57

<0.0001*

BxF

2, 69

23.75

<0.0001*

DxBxF

6, 69

9.14

<0.0001*

Analysis of variance table for Generalized Linear Mixed Effects model on the effects of biomass
and functional group treatments on soil arthropod abundance. Biomass and functional group are
fixed effects and site was treated as a random effect. Data were analyzed with a Poisson
distribution. *Significance
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1.8

Figures

Figure 1.1

Decomposition rate

Summary of the number of days elapsed between the initiation of the experiment and carcasses
entering key decompositional stages. All carcasses entered early decomposition on the same day
because this is the stage that occurs immediately after euthanization. Biomass and functional
group treatments had an interactive effect on the time to reach advanced decomposition, largely
driven by a delay experienced in treatments in the MME and scavenger exclusion treatments.
Biomass and functional group treatments also had an interactive effect on the time to reach the
skeletonized stage, largely driven by the accelerated decomposition experienced in single carcass
open treatments.
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Figure 1.2

Soil nitrogen boxplots

Box plot showing percent nitrogen in soil samples among treatments. Data include all samples
before and after the initiation of the experiment (e.g., 3 days before, 13 months, 15 months, and
25 months after carcasses were deployed). Biomass was a significant predictor of soil percent
nitrogen (F1,69 = 8.88, p = 0.004), but there was not an effect of functional role treatment
(ANOVA, p = 0.67).
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Figure 1.3

Soil nitrogen over time

Scatter plot showing soil percent nitrogen 3 days before, 13 months, 15 months, and 25 months
after the experiment was initiated. Date was a significant predictor of soil percent nitrogen (F3,69
= 8.31, p = 0.0001), as was biomass (F1,69 = 8.88, p = 0.004), but there was not an effect of
functional role treatment (ANOVA, p = 0.67) or any interactions.
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Figure 1.4

Soil potassium boxplots

Box plot showing potassium in soil samples among treatments. Data include all samples before
and after the initiation of the experiment (e.g., 3 days before, 13 months, 15 months, and 25
months after carcasses were deployed). Biomass was a significant predictor of soil potassium
(F1,69 = 21.17, p < 0.0001), as well as functional role treatment (F2,69 = 3.14, p = 0.0494).
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Figure 1.5

Soil potassium over time

Scatter plot showing soil potassium 3 days before, 13 months, 15 months, and 25 months after
the experiment was initiated. Date was a significant predictor of soil potassium (F3,69 = 24.59, p <
0.0001), as was biomass (F1,69 = 21.17, p < 0.0001), functional role treatment (F2,69 = 3.14, p =
0.0494), and the interaction of biomass and functional role treatments (F2,69 = 10.38, p = 0.0001).
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Figure 1.6

Soil calcium boxplots

Box plot showing calcium in soil samples among treatments. Data include all samples before and
after the initiation of the experiment (e.g., 3 days before, 13 months, 15 months, and 25 months
after carcasses were deployed). Biomass was not a significant predictor of calcium (ANOVA, p
= 0.0557), but functional role treatments (F2,69 = 6.13, p = 0.0036) were. The interaction effect
biomass and functional role treatments were also significant (F2,69 = 3.41, p = 0.0387).
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Figure 1.7

Soil calcium over time

Scatter plot showing soil calcium 3 days before, 13 months, 15 months, and 25 months after the
experiment was initiated. Biomass was not a significant predictor of calcium (ANOVA, p =
0.0557), but date (F3,69 = 22.47, p < 0.0001) and functional role treatments (F2,69 = 6.13, p =
0.0036) were. The interaction effect biomass and functional role treatments were also significant
(F2,69 = 3.41, p = 0.0387).
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Figure 1.8

Plant tissue nitrogen

Box plot showing percent nitrogen in plant tissue samples among treatments. Data include all
samples before the initiation of the experiment (e.g., 16 months and 25 months after carcasses
were deployed). Biomass was a significant predictor of percent nitrogen (F1,33 = 15.36, p =
0.0004) as well as date (F1,33 = 48.50, p < 0.0001), but not functional role treatments (ANOVA, p
= 0.8924).
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Figure 1.9

Plant tissue potassium

Box plot showing percent potassium in plant tissue samples among treatments. Data include all
samples after the initiation of the experiment (e.g., 16 months and 25 months after carcasses
were deployed). Biomass was a significant predictor of percent potassium (F1,33 = 17.66, p =
0.0002) as well as date (F1,33 = 51.33, p < 0.0001), but not functional role treatments (ANOVA, p
= 0.0694).
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Figure 1.10

Plant tissue phosphorus

Box plot showing percent phosphorus in plant tissue samples among treatments. Data include all
samples after the initiation of the experiment (e.g., 16 months and 25 months after carcasses
were deployed). Biomass was a significant predictor of percent phosphorus (F1,33 = 24.82, p <
0.0001) as well as date (F1,33 = 92.17, p < 0.0001), but not functional role treatments (ANOVA, p
= 0.2881).
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Figure 1.11

Plant tissue calcium

Box plot showing percent calcium in plant tissue samples among treatments. Data include all
samples after the initiation of the experiment (e.g., 16 months and 25 months after carcasses
were deployed). Calcium high point in scavenger exclusion MME is from a treatment plot with
different plant communities. Biomass (ANOVA, p = 0.3462), functional role treatment
(ANOVA, p = 0.3133), and date (ANOVA, p = 0.7118) were all not significant.
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Figure 1.12

Plant tissue calcium, excluding outlier

Box plot showing percent calcium in plant tissue samples among treatments. Data include all
samples after the initiation of the experiment (e.g., 16 months and 25 months after carcasses
were deployed). Calcium high point (outlier) in scavenger exclusion MME has been removed.
Biomass (ANOVA, p = 0.9057) and functional role treatment (ANOVA, p = 0.6559) were not
significant, but date (F1,33 = 10.60, p = 0.0027) was. There was a significant interaction effect
between biomass and functional role treatment as well (F2,33 = 4.05, p = 0.027).
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Figure 1.13

Soil microbial principal coordinate scatter plot (biomass)

Principal coordinate scatter plot indicating the differences of biomass microbial communities
across all plots
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Figure 1.14

Soil microbial principal coordinate scatter plot (time)

Principal coordinate scatter plot indicating the differences of microbial communities across time
(all treatments).
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Figure 1.15

Soil microbial Shannon diversity index (biomass)

Shannon diversity index (using the Mann-Whitney U test) of microbiomes associated with
different biomass treatments (MMEs, single carcasses, and non-carrion references) through
pairwise comparisons.
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Figure 1.16

Soil microbial Shannon diversity index (functional group exclusion)

Shannon diversity index (using the Mann-Whitney U test) of microbiomes associated with
different functional group exclusion (herbivore, scavenger, open control, closed reference)
through pairwise comparisons.
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Figure 1.17

Soil microbial Shannon diversity index (time)

Shannon diversity index (using the Mann-Whitney U test) of microbiomes across time (one week
before (carcasses), first reference collections, and a week, a month, two months, three months, 13
months, 15 months, and 25 months after carrion placement) through pairwise comparisons.
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Figure 1.18

Soil microbial Simpson diversity index (biomass)

Simpson diversity index (using the Mann-Whitney U test) of microbiomes associated with
different biomass treatments (MMEs, single carcasses, and non-carrion references) through
pairwise comparisons.
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Figure 1.19

Soil microbial Simpson diversity index (functional group exclusion)

Simpson diversity index (using the Mann-Whitney U test) of microbiomes associated with
different functional group exclusion (herbivore, scavenger, open control, closed reference)
through pairwise comparisons.
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Figure 1.20

Soil microbial Simpson diversity index (time)

Simpson diversity index (using the Mann-Whitney U test) of microbiomes across time (one week
before (carcasses), first reference collections, and a week, a month, two months, three months, 13
months, 15 months, and 25 months after carrion placement) through pairwise comparisons.
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Figure 1.21

Soil microbial Chao 1 bias-corrected diversity index (biomass)

Chao 1 bias-corrected diversity index (using the Mann-Whitney U test) of microbiomes
associated with different biomass treatments (MMEs, single carcasses, and non-carrion
references) through pairwise comparisons.
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Figure 1.22

Soil microbial Chao 1 bias-corrected diversity index (functional group exclusion)

Chao 1 bias-corrected diversity index (using the Mann-Whitney U test) of microbiomes
associated with different functional group exclusion (herbivore, scavenger, open control, closed
reference) through pairwise comparisons.
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Figure 1.23

Soil microbial Chao 1 bias-corrected diversity index (time)

Chao 1 bias-corrected diversity index (using the Mann-Whitney U test) of microbiomes across
time (one week before (carcasses), first reference collections, and a week, a month, two months,
three months, 13 months, 15 months, and 25 months after carrion placement) through pairwise
comparisons.
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Figure 1.24

Relative abundance table (biomass)

Relative abundance chart of the top 20 most abundant taxa (Family) collected at two different
biomasses of carrion (MMEs and single carcasses) as well as reference plots (no carrion).
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Figure 1.25

Relative abundance table (functional group exclusion)

Relative abundance chart at the top 20 most abundant taxa (Family) collected from the different
functional exclusions including reference (no carrion, fenced), open control, scavenger
exclusion, and herbivore exclusion.
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Figure 1.26

Relative abundance table (time)

Relative abundance chart of the top 20 most abundant taxa (Family) collected across time (one
week before (carcasses), first reference collections, and a week, a month, two months, three
months, 13 months, 15 months, and 25 months after carrion placement).
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Figure 1.27

Soil arthropod NMDS (time)

Non-metric multidimensional scaling (NMDS) using Bray-Curtis to analyze soil arthropod
community differences across time (one week before, and one week, 3 months, and 13 months
after experiment initiation). PermANOVA testing indicated significance of date (p = 0.001).
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Figure 1.28

Soil arthropod NMDS (biomass)

Non-metric multidimensional scaling (NMDS) using Bray-Curtis to analyze soil arthropod
community differences across different carrion biomasses (including no carrion reference
treatments). PermANOVA testing indicated significance of biomass (p = 0.036).
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Figure 1.29

Soil arthropod NMDS (functional group exclusion)

Non-metric multidimensional scaling (NMDS) using Bray-Curtis to analyze soil arthropod
community differences across different functional exclusions. PermANOVA testing indicated no
significance of functional exclusion treatments (p = 0.71).
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Figure 1.30

Soil arthropod NMDS (site/replication)

Non-metric multidimensional scaling (NMDS) using Bray-Curtis to analyze soil arthropod
community differences across different sites (replicates). PermANOVA testing indicated no
significance of functional exclusion treatments (p = 0.484).
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Figure 1.31

Soil arthropod family richness boxplots

Box plot showing family richness in soil arthropod samples among treatments. Data include all
samples before and after the initiation of the experiment (e.g., 3 days before, and one week, 3
months, and 13 months after carcasses were deployed). Neither biomass (GLMER, p = 0.4398)
nor functional exclusion (GLMER, p = 0.2269) was significant.
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Figure 1.32

Soil arthropod family richness over time

Scatter plot showing family richness in soil arthropods 3 days before, 3 months, and 13 months
after the experiment was initiated. Only date had a significant effect on soil arthropod family
richness (F3,69 = 16.66, p < 0.0001).
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Figure 1.33

Soil arthropod functional richness boxplots

Box plot showing functional richness in soil arthropod samples among treatments. Data include
all samples before and after the initiation of the experiment (e.g., 3 days before, and one week, 3
months, and 13 months after carcasses were deployed). Neither biomass (GLMER, p = 0.3361)
nor functional exclusion (GLMER, p = 0.7903) was significant.
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Figure 1.34

Soil arthropod functional richness over time

Scatter plot showing functional richness in soil arthropods 3 days before, 3 months, and 13
months after the experiment was initiated. Date was the only significant predictor variable on
functional richness (F3,69 = 4.82, p = 0.0042).
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Figure 1.35

Soil arthropod family evenness boxplots

Box plot showing family evenness in soil arthropod samples among treatments. Data include all
samples before and after the initiation of the experiment (e.g., 3 days before, and one week, 3
months, and 13 months after carcasses were deployed). Neither biomass (ANOVA, p = 0.8648)
nor functional exclusion (ANOVA, p = 0.0613) was significant on soil arthropod evenness.
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Figure 1.36

Soil arthropod family evenness over time

Scatter plot showing family evenness in soil arthropods 3 days before, 3 months, and 13 months
after the experiment was initiated. Only date was significant on soil arthropod evenness (F3,69 =
20.62, p < 0.0001).
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Figure 1.37

Soil arthropod abundance boxplots

Box plot showing abundance in soil arthropod samples among treatments. Data include all
samples before and after the initiation of the experiment (e.g., 3 days before, and one week, 3
months, and 13 months after carcasses were deployed). Biomass and functional exclusion as well
as all interaction effects were significant (GLMER, p’s < 0.0001).
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Figure 1.38

Soil arthropod abundance over time

Scatter plot showing abundance in soil arthropods 3 days before, 3 months, and 13 months after
the experiment was initiated. Date, biomass, and functional exclusion as well as all interaction
effects were significant (GLMER, p’s < 0.0001).
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Figure 1.39

Experimental Design (first 4 weeks)

Our experimental design crossed two biomasses (~ 30 kg single carcass, ~ 360 kg MME) with
three fencing types to excluded different functional groups, symbolizing different functional loss
(scavenger exclusion, herbivore exclusion, open control). Reference plots containing no carrion
were also present. Each of these designs were replicated four times in different locations during
the same time frame. Scavenger exclusion plots were fenced and bird netted the first four weeks
to preventing vertebrate scavenging.
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Figure 1.40

Experimental Design (4 weeks later and on)

Our experimental design remained the same as figure 39, however, after four weeks had passed,
fencing was removed from scavenger exclusion plots to allow for later vertebrate organisms (i.e.,
herbivores, scavengers, etc.) to attend the plots. At four weeks, fencing was placed around
herbivore exclusion plots to prevent vertebrate herbivores from attending any later plant growth
from carrion derived nutrients.
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CHAPTER II
UNIQUE CASE STUDY OF CONCENTRATED CARCASS DISPOSAL
2.1

Abstract
Decomposition of single carcasses has been intensively researched and is well

understood. The decomposition process inputs nutrients into the soil around and underneath the
carcass, resulting in an ephemeral resource patch or cadaver decomposition island. However,
there are some unique instances of mass death, such as mass mortality, that can alter this
resource patch and surrounding environment. These events can be difficult to study. One
instance of death that may be of use is through persistent disturbances or carcass disposal. One
such unique case is of a compost pit located in Marietta, Oklahoma, where feral swine carcasses
from a control and removal program are continuously mixed into an area of soil. These events of
continuous carcass dumping are rarely studied, and the effects are poorly understood. I aim to
study the differences in the compost pit (the location where carrion are placed for churning and
composting) compared to nearby areas in terms of soil nutrients, microbes, and arthropods to
determine how the communities differ in this unique environment. This case study could provide
significant insight into the effects of mass mortality events, mass carcass burial, and composting
as well as explain some forensic aspects. Unique effects were noted across soil nutrients, soil
microbes, and aboveground arthropods, with samples taken close to the pit (0 m, 5 m) being
significantly different from further away collections (10 m, 25 m, 50 m). The compost pit can
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also provide us with more detail into food web dynamics involving carrion detrital components
that are often overlooked.
2.2

Introduction
Single carcass death is a well-studied phenomenon that occurs in most, if not all,

ecosystems (Moleón and Sanchez-Zapata 2021, Bump et al. 2020, Tomberlin et al. 2017,
Benbow et al. 2013, Barton et al. 2013, Carter et al. 2007). Necrophagous insects begin to
colonize the carrion almost immediately, followed by the arrival of insect parasites/parasitoids,
predators, and other invertebrate functional groups (Tomberlin et al. 2011, Smith 1986, Payne
1965, Bornemissza 1957). Vertebrate scavengers may also arrive depending on their ability to
locate the carcass. Inside the carcass, microbial decomposition begins and produces gases that
swell inside the carcass (Payne 1965). As pressure builds and scavengers remove the flesh, the
carcass opens and bodily fluids containing chemicals, nutrients, and microbes spill out into the
soil. Although the carcass may disappear quickly, leaving mostly skin and bone, the nearby soil
is impacted by the cadaver island, becoming a fertile hotspot for a diversity of microbial,
arthropod, and plant life (Carter et al. 2007). Indeed, during the decomposition of a single
animal, the carcass can alter diversity and other aspects of the ecosystem (Barton et al. 2013).
However, there are instances in which multiple carcasses may decompose simultaneously
in close proximity. One such instance of multiple carcass decomposition includes mass mortality
events (MMEs), where a larger than average number of animals die within a relatively short
period of time in the same general area (Fey et al. 2015). Mass clandestine graves also affect
ecosystem changes through shifts in the soil and visual vegetative changes (Larson et al. 2011).
However, there is also the instance of mass decomposition when culling large quantities of
livestock or wildlife, resulting in numerous carcasses. Large-scale livestock production can
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produce carcasses when many animals need to be removed because of disease or other factors
(Vantassel and King 2018, Miller et al. 2017, DEFRA 2002). Culling is an important
management tool for invasive species and results in large numbers of carrion that must be
disposed of properly (Gaskamp et al. 2021, USDA 2015, Wasserberg et al. 2009). Wildlife
diseases may also arise from MMEs before culling can commence (Fey et al. 2015). In these and
other instances, large numbers of carcasses must be disposed properly. Unfortunately, the
impacts of large numbers of carcasses decomposing in a concentrated area are poorly
understood.
Proper disposal of vertebrate carrion is essential for protecting human, animal, and
environmental safety, and there are several methods for recycling and decomposition in the
United States (Vantassel and King 2018). Composting is gaining popularity as it is simple,
effective, environmentally sound, and economical (Xu et al. 2015). Safety regulations suggest
that composting should 1) protect all water, 2) minimize pathogen transmission, 3) prevent
access of scavengers, and 4) have no negative effect on air quality (Berge et al. 2009) (all were
considered for the location of this unique case study). For example, rendering is a common
method of dealing with slaughter wastes on farms and to control for potential disease variables
(Thyagarajan et al. 2013, Berge et al. 2009). Incineration is used as a waste disposal method that
reduces the possibility of disease; however, this can be expensive and increase gas emissions (Xu
et al. 2015). Anaerobic digestion and alkaline hydrolysis are other ways to reduce pathogens but
may be expensive, technical, or have a limited capacity (Xu et al. 2015). Less expensive and
more manageable methodologies may include burials or natural disposals, depending on the
location and circumstances (Xu et al. 2015). Composting of animal carcasses may sometimes
include an aboveground burial that involves a bio-filter to kill pathogens with high heat (Berge et
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al. 2009, Xu et al. 2009). In all instances, moisture, oxygen, carbon/nitrogen ratios, pH, and
particularly temperature are important correlated aspects for composting (Xu et al. 2015, Berge
et al. 2009).
As with a single carcass, the carcasses involved in mass die-offs will undergo a
succession of decomposition that involves arthropods, vertebrate scavengers, and microbes.
However, the extreme amount of carrion and associated nutrients, microbes, and body fluids may
have unprecedented effects on ecosystems through amplified bottom-up processes (Zak 2014).
Further, because many of these scenarios (i.e., mass graves, burial compositing) involve buried
carcasses, the effects may be intensified as many scavengers are unable to consume and disperse
carrion. Thus, buried carrion may result in a larger cadaver decomposition island with increased
soil nutrients (phosphorus, potassium, nitrogen, etc.) and changed microbial communities for an
extended amount of time. The extreme nutrient input could cause an increase in microbial
decomposer activity (varying by niche) as the environment becomes too inundated with carrionderived nutrients to be consumed by invertebrates and vertebrates (Tomberlin et al. 2017,
Metcalf et al. 2016, Cobaugh et al. 2015). Microbial communities (and various necrophagous
invertebrates) could increase in abundance, dominating carrion over vertebrate scavengers as an
overabundance of carrion is deposited (Tomberlin et al. 2017). While we are only beginning to
understand more about the potential short-term changes from multiple carcass events such as
MMEs, long-term chronic inputs of carrion may be a different type of disturbance event.
It is uncommon to study the environmental impacts of certain compositing
methodologies, particularly those involving chronic inputs of carrion. To learn more about the
consequences of chronic carrion input, I propose to study a carcass disposal site located in
Marietta, Oklahoma. While my other dissertation chapters are focused on mass carrion events of
121

a slightly shorter term (<4 years), effects of a carcass disposal site allow me to investigate not
only the effects of a unique composting situation but also long term effects (>5 years) of chronic
inputs of carrion. Mass death may result in long lasting nutrient changes up to 7 years,
particularly with phosphorus leaching from carcass bones (Subalusky et al. 2017). Continuous
inputs of carrion to an environment could present a unique effect on the surrounding ecosystem.
Carrion is usually an ephemeral resource containing high quality resources and therefore can
generate large amounts of competition for those resources (Carter et al. 2007, Finn 2001).
However, at the carcass disposal site, there is a nearly continuous input of carcasses, and it is
unclear what potential effects these long term nutrient inputs have. Community resistance and
resilience may differ due to continuous inputs.
I propose to study the effects of long term carcass disposal by sampling transects that
extend away from the carcass disposal site. I hypothesize that soil microbes, nutrients, and
aboveground insect communities will differ significantly in and around the compost site in
comparison to farther away distances. This case study will provide a unique opportunity to
analyze how carcass disposal and long term nutrient disturbances will change surrounding
ecosystems. To test this hypothesis, I am investigating this unique site of decomposition present
on property managed by a private, non-profit research institution who intensively removes feral
swine (Sus scrofa) from their properties around Ardmore and Marietta, Oklahoma and who have
also provided carcasses for my MME experiment (Chapter 1).
2.3

Objectives
I will test the general hypothesis that this unique compost site has a different community

structure and function both in and out of the soil in comparison to other areas. To test this
hypothesis, I will complete the following three objectives:
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My first objective is to determine if this unique compost pit has altered the aboveground
arthropod community. I will test the prediction that the composition of the aboveground
arthropod community will change with increasing distance from the compost pit. The presence of
necrophagous insect communities farther away from the compost pit could influence other
instances of death nearby that are not associated with the pit. I predict that insect communities
will differ at locations farther away from the plot, with necrophagous insects (particularly
blowflies) noted at all distances, but in fewer abundance at further distances (still significantly
different) (Bishopp & Laake 1921).
My second objective is to determine if the compost pit has altered the soil communities,
specifically soil microbial communities. I will test the prediction that soil microbial communities
will change along the distance gradient. New microbes are deposited into the soil from carrion
(Metcalf et al. 2016, Carter et al. 2007) and can be detected long after the placement of that
carrion (Cobaugh et al. 2015). Carrion inputs can shift microbial community composition and
function while also resulting in lasting changes to those soil communities (Bump et al. 2009,
Yang 2004). While there is a low abundance of decomposers always present in the soil, some
key decomposer groups and suites nitrogen-fixing bacteria can become more prominent due to
carcass decomposition (Metcalf et al. 2016).
My third and final objective is to determine if the carcass disposal has altered soil
chemistry. I will test this objective by evaluating the soil chemistry along a distance gradient
from the pit. I predict that in the event of a noticeable effect, it will vary along that gradient.
Changes in the soil chemistry will have further influence on the soil microbes, arthropods, and
plant communities. Long-lasting effects on the soil chemistry may be further intensified by the
consistent pulse of carrion, creating exacerbated long-term effects on the soil chemistry and thus,
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soil communities (Yang 2004). I predict that the soil chemistry will be significantly changed
compared to further distances from the compost pit, with some minor leaching of nutrients
outwards due to the extreme continuous input of nutrients. To test these objectives, I will
compare the composition and diversity of these communities and soil chemistry at different
distances in and out from the compost pit.
2.4

Methods
The study site was located on Noble Research Institute property (Red River Farm) in

Southern Love County, Oklahoma. The disposal site is located in an area of open rangelands
near improved pastures and surrounded on one side by a thick mixed hardwood forest. Disposal
of these feral swine is done so through requirements (euthanasia) as seen under the Feral Swine
Control Act in Oklahoma. This carcass composting site had been in use for five years at the time
of this project (S.L. Webb, personal communication). The compost site consists of a pit to place
the carrion and a hill to push carrion and soil into. To dispose of feral swine carcasses,
employees have used an excavator to remove soil, creating a = > 1 m deep hole. Carcasses are
then placed into this pit and left exposed for varying and indeterminate amounts of time.
Employees then mix the carcasses and soil together before adding it into the hill portion to make
space for carrion in the pit. This process is repeated multiple times a year, with approximately
200 to 300 pigs added each year, although approximately 500 pig carcasses were added in 2018.
Cattle carcasses have sporadically been added over the years as well as 5 to 12 deer carcasses a
year during hunting season. In addition to this active pit and hill, there are the remains of a
previous hill from several years ago, approximately 12 m to the southeast of the current compost
site (Figure 1).
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The churning of pig carrion and dirt together has created a unique compost site of longterm decay. The pit is the main point of sampling as it is most accessible and allows for the
creation of transects that do not cross with the previous compost hill, which could potentially
give skewed results compared to other transect replicates.
While this compost pit can provide insight into continuous input and fluctuation of
carrion, there are several limitations. There is no specific control site nor are there other sites to
allow for replication. To address this, I will conduct surveys along several replicate transects that
move away from the site to determine if the effects decrease at greater distances from the site.
In 2019, I established three transects from the center of the pit outwards (Figure 2). There
are five points of collection along the transects (center of the pit (0 m), 5 m, 10 m, 25 m, and 50
m away). On each of those locations, I collected soil microbes and soil nutrient samples next to
each other (Figure 3). Sticky traps were also set at each location point on the transects for a total
of 15 traps. However, due to property boundaries and dense vegetation, I was unable to sample
beyond 50 m. Transects were also shifted in direction due to the previously mentioned vegetation
and property boundaries (Figure 2). I placed transects in the 0 degree, 70 degree, and 240 degree
directions outwards from the pit (Figure 2).
2.4.1

Aboveground Arthropods
I used sticky traps to sample aboveground arthropod communities. On July 20, 2020, I

placed sticky traps at five locations along three transects (Figure 1). Sticky traps were
constructed by stapling Trapper Max Free Glue Boards to a wooden stake (~46 cm tall) that was
inserted ~ 16 cm into the ground for approximately 48 hours. I identified each individual
arthropod caught to the family level with the exception of Acari and several Aranea.
Identifications were primarily made using the Study of Insects book, 7th edition (Triplehorn and
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Johnson 2005) as well as previous experience and images. Dr. Jerome Goddard provided
entomological identification aid. Difficult specimens that required further aid were identified by
Dr. Terry Schiefer from the Mississippi State University Entomological Museum. I also
consulted BugGuide as needed (https://bugguide.net/node/view/15740).
For each sample I calculated the abundance of arthropods, family richness, functional
richness, and family evenness. For calculating family richness, unknowns without a distinct
family were not included. For calculating functional richness, those families with too large a
range be placed into one or two functional groups were excluded. General unknown specimens
were also excluded as well as immatures. Functional groups were primarily determined through
the Study of Insects, 7th edition book, with the exception of a few additional sources
(Supplemental Material). Shannon evenness was calculated at the Family level (Nagendra 2002,
Shannon 1948). Proportions for unknown and immature groups that were not able to be
classified into a family for family evenness were not calculated. However, total abundance for
calculations did include unknowns and immatures so as to avoid overestimating evenness in a
community (i.e., a community expressing complete dominance by one family when that is not
actually the case). Community structure differences were determined using Bray-Curtis
dissimilarities in Non-metric Multidimensional Scaling (NMDS) to show variation in ordination.
All of the data used was normally distributed according to Shapiro tests. Transects were not
included in the models due to a lack of replication. Any significant results were further analyzed
for pairwise comparisons using Tukey post hoc testing. Further testing was later conducted on
\abundance data (LMs and GLMs) to parse out significant family abundances.
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2.4.2

Soil Microbes
On July 3rd, 2019, soil samples were collected to quantify bacterial communities at all the

transect locations (15 total samples). I collected 1.5 mL of soil with a metal scoop at each
location (Figure 2). Each soil sample was stored in a whirl pak and filled to cover with 95%
ethanol. An additional soil sample was also collected for the previous hill. I collected three
subsamples from different locations on the hill and combined them into a plastic bag. The soil
was homogenized, and one 1.5 mL scoop of the soil was placed into a whirl pak with ethanol for
storage.
Soil samples were then drained and processed using a modified QIAGEN PowerMax
Extraction Kit methodology (Qiagen). In instances of continuous low DNA reads, I also used a
DNeasy PowerSoil Pro Kit (Qiagen).
For the QIAGEN PowerMax extraction, I used a modified methodology from the Jordan
lab (Belanich 2020). Soil samples were added to a 2 mL screw cap tube containing 90 uL
solution C1, 0.5 mL of PowerBeads, and 750 uL PowerBead solution. After vortexing for 15
minutes, I centrifuged the sample tubes for 2 minutes at 5600 rcf. I then mixed the supernatant
with 300 uL of solution C2 in a new Eppendorf tube, inverted twice, and then incubated for 4
degrees Celsius for at least 10 minutes. I centrifuged the tubes again at 5600 rcf for 2 minutes
and transferred the liquid portion into tubes with 250 uL of solution C3, inverted twice, and
incubated for 10 more minutes at 4 degrees Celsius. Samples were centrifuged at 5600 rcf for 2
minutes and 1.4 mL of solution C4 was added and mixed. I added 700 uL of samples to the spin
filter, centrifuged at 5600 rcf for 2 minutes, and discarded the resulting flow-through. I repeated
this step until all the samples had gone through the filter. Solution C5 was added to the same spin
filter and centrifuged for 2 minutes at 5600 rcf, once again discarding the resulting flow-through.
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I centrifuged for three minutes at 5600 rcf. I then placed spin filters into the final tubes and
added 60 uL of solution C6 to the center of the filter membranes. I centrifuged the final tubes
again for 3 minutes at 5600 rcf. I discarded the spin filter and incubated the DNA present in the
tubes (~ 60 uL) in -20 to 4 degrees Celsius until QUBIT quantification and PCR amplification.
For the DNeasy PowerSoil Pro Kit, solution CD3 was first heated to remove any
precipitates and PowerBead tubes were spun to ensure beads settled at the bottom. 250 mg of soil
sample and 800 uL of solution CD1 were added to tubes for each sample. Tubes were briefly
vortexed and then bead beaten for 45 seconds before placement in an ice bath for two minutes.
This process was completed twice. I centrifuged tubes at 12.6 rpm (15,000 x g) for 1 minute. I
then transferred the supernatant to a new 2 mL microcentrifuge tube and added 200 uL of CD2.
Tubes were vortexed for 5 minutes and then centrifuged for one minute at 12.6 rpm (15,000 x g).
700 uL of the supernatant were then transferred to new 2 mL tubes. I added 600 uL of CD3 and
vortexed the tubes for 5 seconds. 650 uL of the solution was added to a MB Spin Column and
centrifuged at 12.6 rpm (15,000 x g) for 1 minutes. The resulting flowthrough was discarded, and
the process was repeated until all the solution had gone through the spin column. I then placed
the spin columns into new collection tubes and added 500 uL of solution EA to each column.
Tubes were centrifuged for 1 minute at 12.6 rpm (15,000 x g). The flowthrough was discarded
and 500 uL of solution C5 was added to each tube. Spin columns were then placed into clean 2
mL collection tubes and centrifuged at 13 rpm (16,000 x g) for 2 minutes. Afterwards, I placed
the spin columns into new 1.5 mL Elution tubes and added 50 to 100 uL of solution C6. Tubes
were centrifuged for 1 minute at 12.6 rpm (15,000 x g) and the spin columns were then
discarded. The resulting flowthrough contained our DNA for QUBIT Quantifications and PCR
amplifications and was stored between -30 and -15 degrees Celsius.
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I determined the presence of quantifiable DNA using 1 uL of DNA sample with Qubit 2.0
protocols. If the DNA amount was too low, I repeated the DNA extraction process. After
confirming the presence of DNA, samples were PCR amplified according to the Earth
Microbiome Project protocols (35 cycles) (Thompson et al. 2017) using a C1000 Touch Thermal
Cycler. Standard primers (10mM) of 16sV4 FWD: GTGCCAGCMGCCGCGGTAA; REV:
GGACTACHVGGGTWTCTAAT. PCR reaction mixture included 2.5 uL of PCR-grade water,
12.5 uL of PCR Master Mix (x2), 1 uL of the diluted reverse primer, 1 uL of the diluted forward
primer, followed by 3 uL of DNA sample for a total of 20 uL. After PCR amplification, I
analyzed the presence of detectable DNA using ethidium bromide gel electrophoresis (2%
agarose). Initial DNA samples were inhibited and were not expressed in the gels. The DNA
samples were then placed into PCR tubes that were diluted by 1/10th (3 uL sample, 27 uL PCRgrade water). Some samples required further diluting by 1/30th.
Once DNA was confirmed via gel electrophoresis, I sent amplified samples to Michigan
State University’s genomic laboratory unit to sequence the DNA samples using 16S rRNA
community sequencing on the Illumina platform (Caporaso et al. 2012). Further sequencing was
dependent on initial sequencing results (quality of sequencing, etc.). Statistical analyses were
performed in CLC Genomics Workbench for microbial results (Qiagen). Statistical analyses
included NMDS ordination with Bray-Curtis dissimilarities and PermANOVA (Permutational
multivariate analysis of variance) to visualize changes and differences in and among
communities. I created Principal coordinate of analysis (PCoA) to analyze community
differences before creating Shannon, Simpson, and Chao diversity indices for indications of
significant changes.
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2.4.3

Soil Nutrients
I collected soil nutrient samples at each transect location (15 samples total). Soil samples

were collected using a hand trowel to dig several inches into the topsoil. I was unable to use the
soil probe due to the fine sand texture of the soil. I collected soil subsamples for each point from
the compost pit to obtain enough soil to fill the Mississippi State University collection boxes (10
cm x 7.5 cm x 6 cm). I collected these subsamples perpendicular to the transect line, making sure
to stay the same distance away from the center of the plot, collecting soil slightly to the left and
right of the transect line (Figure 3). I then sent soil samples to the MSU soil extension services
for analysis. Nutrient analyses included percent nitrogen, potassium, and calcium.
I analyzed soil nutrients using a linear model for nitrogen, potassium, and calcium, with
potassium and calcium being log transformed to normalize data according to Shapiro testing.
Linear models did not contain transects as a random effect due to the small number of replicates.
I conducted analyses using ANOVAs for all subsequent models and, if applicable, performed
Tukey post hoc testing on significant interactions.
Using general linear models, I assessed the influence of distance on 3 dependent variables
(percent nitrogen, potassium, and calcium), with potassium and calcium in milliequivalents. In
lieu of using a beta regression, I log transformed calcium to meet the normality requirements
when assuming a normal distribution. When a significant factor was identified, I used Tukey’s
mean separation test to conduct post-hoc test differences. All analyses were performed in R.
2.5
2.5.1

Results
Aboveground Arthropods
Non-metric multidimensional scaling (NMDS) revealed that the community associated

most closely with the compost pit was different than those at farther distances (Figure 4). NMDS
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revealed considerable overlap among the three transects (Figure 5). Arthropod abundance
decreased with increasing distance away from the compost pit center (F4,10 = 4.095, p = 0.032;
Figure 6). For further inspection of abundance results, I conducted a linear model on abundance
data minus Formicidae (the most abundant family). Without Formicidae, distance from the
compost pit still had a significant difference on abundance (F4,10 = 4.0657, p = 0.033; Figure 7).
Further analysis of solely Formicidae abundance (GLM) revealed a significant effect of distance
(Χ24.10 = 1536.1, p < 0.0001; Figure 8). A generalized linear model was also conducted on the
effect of distance on the abundance of Calliphoridae, an important necrophagous Diptera.
Distance had a significant effect on Calliphoridae abundance (Χ24.10 = 66.816, p < 0.0001; Figure
9) as Calliphoridae were most present at 10 m (92.3%) compared to other distances (3.85% at 0
m and 5 m). Other abundant family taxa such as Chloropidae and Milichiidae (total) abundance
(GLM) are also significantly affected by distance (Χ24.10 = 104.02, p < 0.0001; Figure 10).
However, linear models revealed no effect of distance on family richness (F4,10=1.7611, p =
0.213, Figure 11), functional richness (F4,10 = 1.35, p = 0.317, Figure 12), or evenness (F4,10 =
0.95, p = 0.479, Figure 13).
2.5.2

Soil Microbes
All sample sequences returned enough sequential reads for sequencing with the exception

of one 50 meter collection point (transect 1). One sample of the compost hill (adjacent to the pit)
was collected for viewing potential differences of relative abundance. However, with an n of
one, it was not statistically beneficial for our study and thus was only included as a reference.
Using Bray-Curtis modeling for Permutational multivariate analysis of variance
(PermANOVA) and alpha diversity comparisons, a significant difference between the 0 m and
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25 m (p = 0.03247), 0 m and 10 m (p = 0.03247) and 0 m and 50 m (p = 0.03247) were observed.
There was no significant difference between different transects.
Several differences of distance were noted using the Shannon diversity index (Figure 14).
There were significant differences in microbial family taxa, particularly in relation to the
compost pit center. 0 m was significantly different from 5 m (p = 0.020) and 25 m (p = 0.006).
There were also significant differences between 10 m and 25 m (p = 0.006), 10 m and 5 m (p =
0.040), 25 m and 50 m (p = 0.009), and 5 m and 50 m (p = 0.05).
With the Simpson diversity index, 0 m was not significantly different from 10 m
microbial taxa (p = 0.1), however all other distances were, including 5 m (p = 0.03), 25 m (p =
0.006), and 50 m (p = 0.04) (Figure 15). 10 m microbial diversity was only significantly different
when compared to 25 m (p = 0.006). Other significant differences include those between 5 m and
25 m (p = 0.009), and 25 m and 50 m (p = 0.009).
The Chao 1 bias-corrected index indicates a significant difference only between 5 m and
50 m (p = 0.02), and 10 m and 50 m (p = 0.04) (Figure 16). A potential difference between two
transects was noted in choa 1 bias-corrected analysis (p = 0.01), however, other statistical
comparisons including PermANOVA detected no such differences and thus any differentiation
between the two replicates should not interfere with relative abundance.
Principal coordinate scatter plots (PCoA) using Bray-Curtis dissimilarity of the treatment
and their corresponding transects were created, indicating some potential grouping at distance
points, particularly compost center (0 m) as further supported by PermANOVA (Figure 17).
Relative abundance compared most the most abundant microbial taxa across distance and
including the hill (reference) (Figure 18). The hill had a noticeable increase in Bacillaceae
compared to distance samples. The largest abundance of taxa was otherwise similar amongst all
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collections with Chitinophagaceae, Sphingomonadaceae, and Pyrinomonadaceae being the most
common (with little Pyrinomonadaceae in the hill collection).
The top 20 most abundant taxa at the Family level are shown in Figure 9 and included
Chitinophagaceae with highest abundance at 25 m (10%), followed by 10 m (9%), 5 m (8%), 50
m (7%), Hill (7%), and 0 m (5%). Sphingomonadaceae was in highest relative abundance at 0 m
(10%), followed by 10 m (8%), 50 m (8%), 5 m (6%), 25 m (5%), and Hill (2%).
Pyrinomonadaceae measured highest relative abundance at 25 m (10%), 50 m (6%), 10 m (4%),
5 m (2%), 0 m (less than 1%), and Hill (less than 1%). Chthoniobacteraceae was in highest
relative abundance at 25 m (6%), 5 m (5%), 50 m (5%), 10 m (5%), and 50 m (5%), and 0 m
(2%), but Hill (less than 1%). Burkholderiaceae was highest in relative abundance at 5 m (6%), 0
m (6%), 10 m (4%), Hill (4%), 25 m (3%), and 50 m (2%). Solibacteraceae (Subgroup 3) has the
highest relative abundances at 10 m (5%), 25 m (4%), Hill (4%), 50 m (4%), 5 m (3%), and 0 m
(2%). Beijerinckiaceae measured highest relative abundances at 5 m (3%), Hill (3%), 10 m (3%),
25 m (3%), 0 m (2%), and 50 m (2%). Pseudonocardiaceae was in highest relative abundance at
50 m (5%), 25 m (4%), Hill (2%), 10 m (less than 1%), 5 m (less than 1%), and 0 m (less than
1%). Xanthobacteraceae was in highest relative abundance at 50 m (3%), 10 m (3%), 25 m (3%),
5 m (1%), 0 m (1%), and Hill (less than 1%). Uncultured-006 (Gaiellales) measured highest
relative abundances at 5 m (4%), 0 m (4%), 10 m (2%), 25 m (1%), 50 m (1%), and Hill (less
than 1%). Micrococcaceae was in highest relative abundance at Hill (7%), 5 m (6%), 0 m (3%),
10 m (1%), 50 m (less than 1%), and 25 m (less than 1%). Pedosphaeraceae was in highest
relative abundance at 10 m (3%), 0 m (2%), 5 m (2%), 25 m (1%), 50 m (1%), and Hill (less than
1%). Gemmatimonadaceae was in highest relative abundance at 10 m (2%), 5 m (2%), 50 m
(2%), 25 m (1%), 0 m (1%), and Hill (less than 1%). Bacillaceae was in highest relative
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abundance at Hill (15%), 25 m (2%), 5 m (2%), 0 m (less than 1%), 50 m (less than 1%), and 10
m (less than 1%). Nocardioidaceae was in highest relative abundance at 50 m (3%), 25 m (2%),
0 m (2%), 10 m (1%), 5 m (1%), and Hill (less than 1%). Solirubrobacteraceae was in highest
relative abundance at 25 m (2%), 50 m (2%), 5 m (2%), 10 m (2%), 0 m (1%), and Hill (less than
1%). Rhizobiaceae was in highest relative abundance at 0 m (3%), 5 m (less than 1%), 50 m (less
than 1%), 25 m (less than 1%), and 10 m (less than 1%). Streptomycetaceae measured highest
relative abundance at 50 m (3%), 25 m (less than 1%), Hill (less than 1%), 10 m (less than 1%),
0 m (less than 1%), and 5 m (less than 1%). Blastocatellaceae was in highest relative abundance
at 10 m (2%), 50 m (1%), 0 m (1%), 25 m (less than 1%), 5 m (less than 1%), and Hill (less than
1%). 67-14 (Solirubrobacterales) was in highest relative abundance at 50 m (1%), 25 m (1%), 5
m (1%), 10 m (1%), 0 m (less than 1%), and Hill (less than 1%).
2.5.3

Soil Nutrients
Percent nitrogen and potassium were confirmed to have a normal distribution with a

Shapiro test. Calcium was log transformed and a Shapiro test confirmed that the transformed
data were normally distributed.
The effect of distance on percent nitrogen trended towards significance (F4,10 = 3.331, p =
0.0559; Figure 19). Post hoc analysis revealed that the compost pit center differed significantly
from samples at 25 m (p = 0.0257) and 50 m (p = 0.0204). Potassium levels were not
significantly affected by distance from the compost pit (F4,10 = 1.616, p = 0.245; Figure 20).
Calcium levels increased with distance away from the compost pit (F4,10 = 32.067, p <
0.001; Figure 21). Further distance pairwise comparisons were observed using Tukey Post Hoc
testing. Pit center (0 m) and 5 m out did not differ significantly (p = 0.4769); however, pit center
was significantly different from all other further distances. Likewise, the 5 m distance was
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significantly different from all other furthest points of collection, with the exception of 10 m
which trended towards significance (p = 0.0526). Distances of 10 m and 50 m (p = 0.0019) as
well as 25 and 50 m (p = 0.0020) were also significantly different.
2.6
2.6.1

Discussion
Aboveground Arthropods
Arthropods were more abundant near the compost pit than away from it (Figure 6). This

is not surprising as the compost provides an abundant resource for necrophagous arthropods.
Examining a few specific arthropod families may help better explain the patterns observed. For
example, Calliphoridae, which are necrophagous blow flies, were only present at 0 m, 5 m, and
10 m, with the majority located at 10 m (on the same transect). Although Calliphoridae were
only found near the compost pit and distance had a significant effect, the main reason for higher
arthropod abundance was likely driven by ants (family Formicidae). Formicidae are known to
consume carrion as well as prey upon other insects that arrive at carrion (Smith 1986, Payne
1965). Although sticky traps tend to collect flying insects, ants may have been captured for
several reason. First, they appear to have been abundant at the compost site. Second, the ants
may also have been attracted to sticky traps to consume other insects or debris present. Recent
work has shown that some ants (Solenopsis invicta) may survive on vertebrate carrion, however
their colonies are more productive when consuming insects (Lin et al. 2022). Finally, ant
foraging behavior may cause them to be sampled on sticky traps more than other ground
dwelling arthropods. While foraging, some ants leave a trail for other members of the colony to
follow (Triplehorn and Johnson 2005, Cavill and Robertson 1965). Thus, an ant that finds its
way onto a sticky trap may have unintentionally lured more ants to the trap. Larvae of both
Chloropidae and Milichiidae are located in rotting plant materials, dung, compost, and, in some
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instances, carrion (Nartshuk 2013, Triplehorn and Johnson 2005, Brake 2000). Increased
presence of these two families at compost pits may indicate the presence of decomposition
and/or plant decay.
However, arthropod diversity as measured by family richness, functional richness, and
family evenness, did not differ at locations from 0 to 50 m from the compost pit. This result may
be due to the sampling method used. I used sticky traps mounted on wooden posts, which
generally only capture above ground arthropods, and tend to capture flying arthropods rather
than ground dwelling arthropods. Thus, the arthropods sampled by sticky traps tend to be mobile
and therefore it is not surprising that these diversity metrics do not differ across a 50 meter
gradient. However, the NMDS plots do indicate that the sample of arthropods from near the
compost site were different than those at further distances.
2.6.2

Soil Microbes
Compost pit center is most likely very similar to the 5 m distance away from the plot as

compost pit effects may spread through the soil up to 5 m. Overall there were no other
statistically significant differences in community structure between distances beyond up to 10m
from the pit center, though differences in relative abundance were noted. These data suggest that
microbial communities respond to carrion deposits within the compost pit, extending out
between 5 and 10 m.
Sphingobium and Stenotrophomonas were significantly higher in relative abundance in 0
m compared to 10 m, 25 m, and 50 m samples. Sphingobium are members of the family
Sphingomonadaceae, which are widely distributed in nature and degrade a variety of compounds
(Lal et al. 2008). Sphingomonas selectively appear in the presence of hexachlorocyclohexane
(HCH) isomers at dumpsites, which have been reported from various location in China (Zhu et
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al. 2005), India (Jit et al. 2008), Spain (Mohn et al. 2006), and Germany (Boltner et al. 2005),
though it is not clear why sphingomonads are enriched at these locations (Niharika et al. 2013).
Sphingobium also have a generally ubiquitous distribution, including being commonly
discovered in the soil. This genus contains species with catabolic capabilities that allow
Sphingobium to be important biocatalysts, working to degrade polycyclic aromatic hydrocarbons
(PAHs) in soil remediation as well as other aromatic compounds, chloroaromatic compounds,
herbicides (hexachlorocyclohexane, polycyclic aromatic hydrocarbons, etc.), and phenols
(nonylphenol, pentachlorophenol, etc.) (Leys et al. 2005, Leys et al. 2004, Takeuchi et al. 2001).
Lower amounts of nitrogen in the soil did not affect the ability of Sphingobium to degrade PAHs.
This aligns with our soil nutrient results, which actually showed the presence of less nitrogen at
the compost pit than distances further away. Stenotrophomonas (Xanthomonacdaceae) are also
found in association with plants, being particularly beneficial for sulfur and nitrogen cycling
(Ryan et al. 2009) as well as being beneficial for plant interactions (Ryan et al. 2009). For
instance, Stenotrophomonas rhizophila is associated with a wide range of plant associated
locations including the rhizosphere, leaves, and stem (Ryan et al. 2009). While some can cause
disease, the main reservoir of Stentrophomonas is in plants and soil (Ryan et al. 2009).
Stenotrophomonas are also abundant on carrion skin and gravel soil associated with sterilized
treated soil during the active and advanced decay stages (Lauber et al. 2014), showing the
possibility of Stenotrophomonas originating from this active dump site.
Compared to samples collected at 10 m, samples from 0 m also measured significantly
higher relative abundance in Chryseobacterium (Weeksellaceae). This taxon occurs in a wide
range of locations including sludge (Zhou et al. 2007), water (Zhou et al. 2007), wastewater
(Kämpfer et al. 2003) plant rhizospheres (Young et al. 2005) and soil, including polluted (Zhou
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et al. 2007) and tar-contaminated (Shen et al. 2005) soils. Certain species of Chryseobacterium,
such as C. indologenes, have also been isolated from human patients (Lin et al. 2010).
Actinobacteria MB-A2-108 was also significantly higher in the 0 m samples compared to
the 10m samples. Actinobacteria MB-A2-108 is an uncultured group of Actinobacteria that form
unique lineages that also is not well known in terms of its broader relationships (Reed et al.
2002). However, Actinobacteria are generally found in association with carrion, increasing under
carrion, particularly with increased cumulative precipitation (Singh et al. 2018). Actinobacteria
are also associated with the human gut (Turnbaugh et al. 2009) and necrophagous insects (Singh
et al. 2015).
Several taxa were significantly higher in the 0 m samples compared to both the 10 m and
the 25 m samples. Cyanobacterium in the genus Limnothrix were significantly higher in relative
abundance at 0m compared to 10 m and 25 m. Members of this taxon are beneficial for nitrogen
acquisition as well as sulfur (Lima et al. 2018, Pankratova 2006) and thrive in most locations
except for those with extreme acidity (Pankratova 2006). Limnothrix (strain AC0243) can also
inhibit protein synthesis through the production of water-soluble cytotoxins while reducing
adenosine triphosphate (ATP) concentrations (Daniels et al. 2014). Generally, cyanobacteria are
primary producers that are located throughout different aquatic and terrestrial locations,
including extreme environments (Rampelotto 2013, Breton et al. 2013). Cyanobacteria also
promote soil aggregation, soil quality, and improved water infiltration as well as being able to
enhance plant growth (Kumar et al. 2018, Issa et al. 1994). These bacteria may also appear in
excavation of archaeological bones, where these organisms attack and tunnel into the bone (Wedl
tunneling) (Eriksen et al. 2020). Cyanobacteria are key contributors in the bone bacterial
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community, including those excavated from various soils where they are ubiquitously located
(Eriksen et al. 2020).
Ochrobactrum (Rhizobiaceae) were also significantly higher in relative abundance in the
0 m samples compared to 10 m and 25 m. These organisms are prevalent in numerous infections
and outbreaks (Ryan and Pembroke 2020), throughout numerous tissues (Hagiya et al. 2013,
Jelveh and Cunha 1999, Moller et al. 1999). However, Ochrobactrum has also been isolated
from soil samples and wheat roots (Lebuhn et al. 2000) and has even been shown to use phenol
as a carbon source when growing in phenol-activated sludge (El-Sayed et al. 2003). Species in
this genus are researched for their potential reduce xenobiotic pollutants and heavy metals
(Sultan and Hasnain 2007, El-Sayed et al. 2003). Ochrobactrum also proliferates after carrion
rupture, exposing the abdominal cavity to oxygen, allowing for it to appear as one of the
dominant genera (Metcalf et al. 2013). Ochrobactrum intermedium was only found in higher
relative abundance at 0 m compared to 25 m. This species has been noted in infections after liver
transplants (Moller et al. 1999) to chromium contaminated soils (Kavita and Keharia 2012),
suggesting that this species may be resistant to large carrion effects or associated with the carrion
themselves.
Pantoea (Enterobacteriaceae) is extremely beneficial for degradation of herbicides as
well as bioremediation to aid in nitrogen fixation and plant growth (Walterson and Stavrinides
2015, Brady et al. 2008) and was found significantly higher in the 0 m samples compared to the
10 m and 25 m samples. Pantoea is also able to produce hydrogen and solubilize phosphate and
zinc, while growing in a wide range of environments, allowing for it to be a valuable microbial
taxon in agriculture (Da Silva et al. 2015, Loiret et al. 2004). Pantoea may also form associations
with a range of hosts from humans to plants to insects, being found in association with human
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disease and plant pathogens (Walterson and Stavrinides 2015, Coutinho and Venter 2009).
Therefore, this taxon could originate from a wide array of locations including cadavers, insects,
and soil.
Xenorhabdus bovienii are known for producing secondary metabolites containing
antibiotic productions useful for a wide range of agricultural and medicinal effects (Wang et al.
2011). Several species within the genus Xenorhabdus have a pathogenic relationship with
nematode hosts (Hawlena et al. 2010, Tailliez et al. 2006). Soil nematodes may be carrying this
species in the compost soils. Overall, many species present more so at the compost pit are
involved in soils, decomposition, and plant communities, with emphasis on some groups
involved in the cycling of nitrogen and sulfur.
Finally, Incertae sedis (Rhizobiales) does not have a lot known about its broader
relationships. However, after carrion rupture (from bloat to active decay), the abdominal cavity is
exposed to oxygen and families such as Rhizobiales proliferate and dominate (Metcalf et al.
2013).
Klebsiella (Enterobacteriaceae) was statistically higher in relative abundance at 0 m
compared to both 25 m and 50 m. Klebsiella are found in association with a variety of plants
including wheat roots (Iniguez et al. 2004, Cakmakci et al. 1981) and sugarcane (Wei et al. 2013)
where they are able to help fix nitrogen. Klebsiella bacteria are also located in human infection
(Bagley et al. 1985), contamination at hospitals (Casewell and Phillips 1977) as well as in soil,
animals, waters, vegetation, and more (Bagley et al. 1985). This bacterial species could have
originated from numerous locations.
Besides Sphingobium, Stenotrophomonas, and Klebsiella, samples from 0 m had a
significantly higher abundance of Nostocales compared to 50 m. Nostocales are also capable of
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fixing atmospheric nitrogen (Sufenik et al. 2012). Most of these species are once again
associated with a variety of environments, especially Nostocales, which may have originated
from carrion that were in freshwater environments before death.
Meanwhile, distances further from the pit had more ubiquitous soil taxa including those
present in many soils (Blastocatellia, FBP bacteria, RB41 of Pyrinomonadaceae, Edaphobacter,
Luteibacter yeojuensis, Candidatus udaeobacter). Other microbial communities found here
include those involved in plant growth and nutrient fixation (L. yeojuensis, Bosea). Overall,
microbial taxa collected at these locations were those primarily present in the soil and plants.
Compost pit and 5 m soil microbial communities were noticeably different from the further
distances. Microbial taxa associated commonly with decomposition and as well as plant growth
and nutrient cycling were collected at the compost pit in increased abundance compared to
further distances, indicating an effect of carrion composting on the soil.
In contrast, Bosea (Beijerinckiaceae), and Candidatus udaeobacter
(Chthoniobacteraceae) were statistically higher in relative abundance at 10 m and 50 m,
compared to 0 m. The Bosea genus (Beijerinckiaceae) includes several species isolated from
hospital water supplies, potentially causing nosocomial infections (La Scola et al. 2003). This
genus is also located in agricultural soil (Meyer and Willems 2012), legumes (Safronova et al.
2015, Meyer and Willems 2012), anaerobic digesters (Ouattara et al. 2003). The
Beijerinckiaceae family also contains many species that fix nitrogen (Marin and Arahal 2014).
Candidatus udaeobacter (Chthoniobacteraceae) are in soil communities globally, though it is
unknown how these organisms became so successful at soil colonization (Willms et al. 2020).
Certain subspecies of this group are also located in abundance in grassland soils as well as being
associated with catabolizing antibiotics and amino acids (Willms et al. 2020). Cadaver
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environments could be considered too toxic an environment for this microbial taxon, however,
there was minor vegetation growth within the pit. More vegetation growth was prevalent outside
the pit in comparison.
The 25 m and 50 m distance collections also had more abundant taxa including
Blastocatellia, FBP bacteria, and Pyrinomonadaceae (RB41). Members of class Blastocatellia
(subdivision 4 of Acidobacteria) have been located in various soils (Huber et al. 2017, Wust et
al. 2016). Blastocatellia have also been found in unfixed sands and include the family
Pyrinomonadaceae, which was also located at 25 m in abundance compared to the compost pit.
Clade RB41 of Pyrinomonadaceae was located in tundra soils (Ivanova et al. 2020).
Acidobacteria of the Pyrinomonadaceae family are meso- or thermophiles, adapted to a wide pH
range and are able to use a limited amount of growth substrates with a preference for complex
protein compounds (Wust et al. 2016). FBP is a bacterial phylum now known as Abditibacteria,
which has a widespread presence in extreme environments including ice-free Antarctic soils,
deserts, wastewater, animal skins and more (Tahon et al. 2018). Species of this group have only
recently been isolated (Tahon et al. 2018). Many of these species seem to be associated with soil
and are generally ubiquitous, indicating the lack of an effect from the compost pit.
In addition to those discussed above, samples collected from the 50 m site also had
statistically higher relative abundance of Edaphobacter (Acidobacteriacea) and Luteibacter
yeojuensis (Rhodobacteraceae). Edaphobacter (Acidobacteriacea) are aerobic, acidophilic
bacteria that have been isolated from forest soils (Xia et al. 2017, Koch et al. 2008), alpine soils
(Koch et al. 2008), lichen forested tundra (Belova et al. 2018), and potentially the termite
hindgut (Koch et al. 2008). Several species are able to adapt to low carbon concentrations (Koch
et al. 2008). Edaphobacter are found in many diverse acidic and calcareous soils, potentially
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indicating CaCO3 as a driving force of growth (Hemmat-Jou et al. 2018, Koch et al. 2008).
Finally, Luteibacter yeojuensis is a species of bacteria from family Rhodobacteraceae that has
been isolated in greenhouse soils (Kim et al. 2006), rhizospheres (Anandham et al. 2011) and
contaminated cultures of ginger (Jain et al. 2016). Other members of genus Luteibacter have also
been discovered in human blood (Kampfer et al. 2009). Finally, the FBP bacteria phylum is also
incredibly diverse, being located in soils, wastewater, animal skins, deserts, and more locations,
including extreme environments (Tahon et al. 2018).
2.6.3

Soil Nutrients
We failed to detect any effect of distance from the compost site on potassium. An

increase in nitrogen is usually observed in gravesoil for up to a year after placement or more
(Anderson et al. 2013, Towne 2000). Thus, it was surprising when my results revealed that
nitrogen tended to be lower near the compost pit and increased with distance away from the pit
(trending towards significance). Similarly, calcium levels in the soil increased significantly at
distances further away from the site of decomposition. Once again, this trend is the opposite of
what was predicted because calcium concentration generally increases in the soil from deposits
of carrion (Paramenter and MacMahon 2009, Carter et al. 2007, Vass et al. 1992). Calcium
concentrations in the soil are shown to especially increase during later skeletal remains stages of
decomposition (Paramenter and MacMahon 2009). Over time, calcium can actually be seen to
continue to increase in the soil even after the removal of carrion (Seastedt and Tate 1981). At the
site of the compost pit, carcasses are continuously added, resulting in a continuous input of
carrion and, presumably, nitrogen and calcium. It remains unclear why these nutrients would be
suppressed near the compost pit, however there are several possible explanations.
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First, although the carcasses end up being buried, it is possible that vertebrate and
invertebrate scavengers are efficiently removing carrion from the pit and thus removing the
nutrients while carrion are still exposed to the surface. However, this would not explain why
nitrogen levels would be lower at the pit in comparison to distant sample locations.
Another possibility is that the long-term use of the site has selected for a plant
community that is efficient at removing nitrogen, and possibly calcium, from the soil. Indeed,
previous work on decomposition and soil nitrogen have suggested that increased availability of
nitrogen in the soil can induce more update by plants (Danell et al. 2002). Plant communities
may shift due to this increase in carrion (Hocking and Reynolds 2011). While only a few plants
were present directly at the plot center, it is possible that enough nearby plant uptake of nutrients
as well as soil arthropods and microbes may have caused the decrease in nitrogen in the compost
pit. Ground arthropods aid in the cycling of nutrients including nitrogen (Maran et al. 2020).
Unfortunately, I was unable to measure the abundance of soil arthropods due to the sandy nature
of the soil in and near the compost pit, making Berlese funnel extraction nearly impossible.
The input of carrion is not the only way that the compost pit differs from the surrounding
area. The placement of carrion requires heavy machinery, digging, and disturbance to the soil.
Tilling and churning of the soil can affect soil chemistry (Chowaniak et al. 2016, Martin-Rueda
et al. 2007, Bertol et al. 2005, Kladivko 2001, Wardle 1995, Lipiec and Stepniewski 1995,
Havlin et al. 1990, Tracy et al. 1990). The continuous churning of the soil to mix carrion could
be akin to soil tilling due to the disturbance and aeration of the soil. Nitrogen has been observed
to decrease in soils with tilling when compared to non-tilled soils in the upper soil layers
(Martin-Rueda et al. 2007, Tracy et al. 1990, Havlin et al. 1990). While nitrogen uptake in
compacted soils may be reduced, non-tilled soils have higher quality and conservation of
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nitrogen (Lipiec and Stepniewski 1995). Some potential reasoning for this effect is due to the
quantity of soil residues from plants (Havlin et al. 1990) and soil organism responses (Kladivko
2001, Wardle 1995). Soil organisms, particularly larger ones, are negatively affected the by
disturbance event that tilling has on soil communities (Kladivko 2001, Wardle 1995), which in
turn affects their part in the nutrient cycle.
Calcium was the only significantly affected nutrient tested in our experiment, yet calcium
has been observed to be relatively unaffected by different tilled soils (Bertol et al. 2005), though
others have noted a potential increase in calcium in soils with direct sowing compared to
conventional tilling (Chowaniak et al. 2016). Older carrion that has been decomposing is
churned in soil and pushed into the adjacent hill so newer carcasses may be added. Although soil
calcium is known to increase in later stages of decomposition, those later stages are never able to
occur in the actual pit because it is pushed into the hill (which I did not sample).
2.7

Conclusion
While the effects of a single carcass on an ecosystem are relatively well known, the

effects of large numbers of carcasses decomposing in a single site are poorly studied. This case
study of the compost pit where nearly 1,000 carcasses have been deposited produced many
unexpected results. In general, a decomposing carcass is expected to elevate soil nitrogen,
potassium, and calcium. However, we found no evidence of this and, if anything, the
concentrations of some of these nutrients was reduced at and near the compost pit. Although I
cannot definitively conclude that the mass decomposition is the cause of these patterns, this case
study provides support for the ideas that mass mortality events produce novel effects on
ecosystems.
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These changes in soil nutrients may also cause and affect certain soil microbes. More
nitrogen fixing and plant growth promoting microbes were present at the compost pit rather than
distances farther away. Significant differences in community composition through PermANOVA
has indicated community differences between 0 m and further distances, with the exception of 5
m distances. In this regard, 0 and 5 m communities may be close enough to have similar
composition. Communities found within the compost pit include those that contribute to nutrient
cycling as well as taxa found during decomposition. In aboveground insect collections, only
abundance was significant as it decreased to further distances. However, a large part of the
increase was due to the ants in the area. Ants could still be affected by the carrion in the vicinity
as ants may feed on different components and other insects at carrion at all decomposition stages
(Smith 1986, Payne 1965).
Due to the long-term use of this compost pit, it is possible that communities are more
resistant to the disturbance and decomposition, having adapted to the increased carrion and
recycling it accordingly. Therefore, this compost pit would appear to be beneficial for the
recycling of carrion. There are changes and differences of the compost pit community compared
to the furthest away distance (25 and 50 m), however, they are not so extreme as to be concerned
for the overall effect and community changes. Noticeable differences are detected at the compost
pit compared to further distances for soil nutrients, microbes, and aboveground insects. However,
effects are not so severe as to create stark aboveground differences.
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2.8

Figures

Figure 2.1

Compost pit and hill image 1

A view of the new compost hill (with the taller grass behind being the old hill) and part of the
new pit to the right
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Figure 2.2

Compost pit and hill image 2

A view of mostly the pit with the new hill to the left of it.
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Figure 2.3

Transect sampling set up

An illustration of the transect sampling design. Three transects (labelled T1, T2, and T3) were
created to sample along at five distances (0 m, 5 m, 10 m, 25 m, and 50 m) from the pit outwards
for a total of 15 microbe, soil nutrient, and arthropod samples.
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Figure 2.4

Collection methodology

This figure indicates where each type of sample was collected at the point chosen on the transect
(largest white circle) so sampling did not interfere with each other.
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Figure 2.5

NMDS of aboveground arthropod community (distance)

Non-metric multidimensional scaling (NMDS) of aboveground arthropod community differences
grouped by the different distance collections. The community observed at the compost pit (0m)
differed from all other distances, as indicated by no overlap with other community polygons. In
contrast, the communities at 10, 25, and 50 revealed similarities as indicated by polygon overlap.
However, PermANOVA did not detect a significant effect of date (p = 0.188).
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Figure 2.6

NMDS of aboveground arthropod community (distance)

Non-metric multidimensional scaling (NMDS) of insect community differences (sticky traps)
grouped by the different transects (replicates). All three replicates overlapped to some extent,
indicating that the communities did not differ among replicates. PermANOVA further supported
NMDS (p = 0.671).
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Figure 2.7

Aboveground arthropod abundance

Arthropod abundance of aboveground arthropods (sticky traps) collected from compost pit center
(0 m) outwards to 50 m, with a significant decrease in arthropod abundance detected (F4.10 =
4.095, p = 0.03213).
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Figure 2.8

Aboveground arthropod abundance (without ants)

Arthropod abundance of aboveground arthropods (sticky traps) collected from compost pit center
(0 m) outwards to 50 m, not including Formicidae (the most abundant family). A significant
decrease was still detected in arthropod abundance across distance (F4.10 = 4.0657, p = 0.03279).

154

Figure 2.9

Formicidae abundance

Formicidae (the most abundant family) abundance of aboveground arthropods (sticky traps)
collected from compost pit center (0 m) outwards to 50 m. A significant decrease was detected in
Formicidae abundance across distance (Χ24.10 = 1536.1, p < 0.0001).
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Figure 2.10

Calliphoridae abundance

Calliphoridae abundance of aboveground arthropods (sticky traps) collected from compost pit
center (0 m) outwards to 50 m. A significant increase at 10 m was detected in Calliphoridae
abundance across distance (Χ24.10 = 66.816, p < 0.0001).
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Figure 2.11

Chloropidae and Milichiidae abundance

Chloropidae and Milichiidae abundances (together) of aboveground arthropods (sticky traps)
collected from compost pit center (0 m) outwards to 50 m. A significant decrease was detected in
Chloropidae/Milichiidae abundance across distance (Χ24.10 = 104.02, p < 0.0001).
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Figure 2.12

Aboveground arthropod family richness

Box and whisker plots showing family richness of aboveground arthropods collected from
compost pit center (0 m) outwards to 50 m. Statistical analysis with a linear model revealed that
there was no effect of distance on family richness (ANOVA, p = 0.2132).
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Figure 2.13

Aboveground arthropod functional richness

Box and whisker plot showing functional richness of aboveground arthropods collected from
compost pit center (0 m) outwards to 50 m. Statistical analysis with a linear model revealed that
distance did not affect functional richness (ANOVA, p = 0.3174).
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Figure 2.14

Aboveground arthropod family evenness (Shannon)

Box and whisker plot showing evenness (Shannon) of aboveground arthropods (sticky traps)
collected from compost pit center (0 m) outwards to 50 m. Statistical analysis with a linear
model revealed that distance did not affect family evenness (ANOVA, p = 0.4789).
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Figure 2.15

Soil microbial Shannon diversity index

Box and whisker plot of the Shannon entropy index (using the Mann-Whitney U test) of
microbiomes associated with different distances from the compost pit. Hill for reference. Black
lines indicate p values as determined by Kruskal-Wallis with significant differences in Shannon
evenness between communities at 0 m and 25 m (p = 0.006), 0 m and 5 m (p = 0.02), 10 m and
25 m (p = 0.006), 5 m and 10 m (p = 0.04), and 25 m and 50 m (p = 0.009).
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Figure 2.16

Soil microbial Simpson diversity index

Box and whisker plot of Simpson index (using Mann-Whitney U test) of microbiomes associated
with different distances from the compost pit. Hill for reference. Black lines indicate p values as
determined by Kruskal-Wallis with significant differences in Simpson evenness between
communities at 0 m and 25 m (p = 0.006), 0 m and 5 m (p = 0.03), 0 m and 50 m (p = 0.04), 10
m and 25 m (p = 0.006), 5 m and 25 m (p = 0.009), and 25 m and 50 m (p = 0.009).
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Figure 2.17

Soil microbial Chao 1 bias-corrected index

Box and whisker plot of Chao 1 bias-corrected index (using Mann-Whitney U test) of
microbiomes associated with different distances from the compost pit. Hill for reference. Black
lines indicate p values as determined by Kruskal-Wallis with significant differences in Chao 1
bias-corrected diversity only between communities of 10 m and 50 m (p = 0.04), and 5 m and 50
m (p = 0.02).
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Figure 2.18

Soil microbial principal coordinate scatter plot

Principal coordinate scatter plot (PCoA) indicating the differences of distance away from the
compost pit and transect (i.e., different colors for different transects). Hill collection (n=1) is a
reference.
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Figure 2.19

Soil microbial relative abundance

Relative abundance chart of the 20 most abundant taxa (Family) collected all the five distances
from the pit (in meters) and the hill collection (reference).
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Figure 2.20

Soil nitrogen

Box and whisker plot showing percent nitrogen in the soil from compost pit center (0 m)
outwards to 50 m. A linear model revealed that distance trended towards having a significant
effect on percent nitrogen, but was not significant (ANOVA, F4,10 = 3.331, p = 0.05587).
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Figure 2.21

Soil potassium

Box and whisker plot showing potassium levels (milliequivalents per 100 gm) in the soil from
compost pit center (0 m) outwards to 50 m. A linear model revealed no significant effect of
distance on potassium levels (ANOVA, p = 0.245).
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Figure 2.22

Soil calcium

Box and whisker plot showing calcium levels (in milliequivalents per 100 gm) in the soil from
compost pit center (0 m) outwards to 50 m. A linear model revealed that calcium levels increased
with distance away from the compost pit center (F4,10 = 32.067, p < 0.0001).
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CHAPTER III
MASS MORTALITY EVENTS GENERATE LONG-TERM BUT ASYMMETRICAL
EFFECTS ON TERRESTRIAL ECOSYSTEMS
3.1

Abstract
Death is a natural process present in all ecosystems; however mass mortality events

(MMEs) are instances of larger than normal number of animals dying in a relatively short period
of time. Unfortunately, these events increasing in frequency and magnitude and the effects of
MMEs—especially their long-term effects—are understudied. To better understand the longterm effects of MMEs in terrestrial ecosystems, I capitalized on a previously conducted
experimental MME to determine if key ecosystem properties remained affected after four years.
The experiment included crossed three types of input treatments (control, carrion, and nutrient
additive) with scavenger access (open plots versus fenced plots). To evaluate how increasing
carrion biomass affected the ecosystem, sites were randomly assigned to one of five biomasses,
and received either feral swine carcasses (25-726 kg) or the equivalent amount of nitrogen,
phosphorous, and potassium nutrient additions. After four years, I found that while soil nitrogen
was unaffected, potassium and calcium had significant differences. Microbial communities
significantly differed at the 182 kg biomass treatments compared to others and indicated
significant effects between carrion and nutrient additive treatments. I found asymmetrical effects
of increasing biomass on aboveground and belowground arthropods. Unexpectedly, biomass had
detectable effects on aboveground arthropod community abundance, family richness, and family
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evenness, but little to no detectable effects on belowground arthropod communities. These
results demonstrate that large die-offs such as MMEs can have effects on ecosystems for
multiple years.
3.2

Introduction
Death is a common occurrence in everyday life. Single organisms perish and provide

nutrients for detritivores and scavengers, allowing for the carrion to re-enter the nutrient cycle.
The processes involved with the death and decomposition of a single organism are relatively well
understood (Beasley et al. 2019, Barton et al. 2019, Barton et al. 2013, Benbow et al. 2013,
Carter et al. 2007). However, there are also instances of mass death that can input extreme
amounts of nutrients and carrion into the ecosystem (Westley 2020, Kock et al. 2018, Subalusky
2017, Langangen et al 2016,). Mass mortality events (MMEs) occur when a larger than normal
number of organisms die within an area in a relatively short period of time (Fey et al. 2015).
Although MMEs are increasing in frequency and magnitude (Fey et al. 2015), few studies have
investigated their ecological effects in terrestrial ecosystems (Fey et al. 2019, Tomberlin et al.
2017).
Emerging literature on mass mortality events suggests that they can have important
effects that differ from the effects caused by the death of a single animal (Baruzzi et al. 2018,
Lashely et al. 2018, Tomberlin et al. 2017). Large amounts of carrion may assemble novel
communities of vertebrate and invertebrate scavengers as competition for abundant resources is
low (e.g., Frank et al. 2020, Lashley et al. 2017, Moleón et al. 2015). Small amounts of carrion
can be quickly dominated and removed by vertebrate scavengers (Turner et al. 2020), however
the abundant carrion allows scavengers such as vultures to consume more carrion (Baruzzi et al.
2018). While ample food may be beneficial to scavenger populations, the inundation of
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scavengers with abundant carcasses may prevent them from dominating carcasses and leave
more carrion to decompose on the landscape (Tomberlin et al. 2017). In general, invertebrate
scavengers are more abundant than vertebrate scavengers (Beasley et al. 2019, DeVault et al.
2003) and therefore invertebrates may capitalize on the carrion remaining after vertebrates are
satiated. Invertebrate scavengers may be able to skeletonize carrion even with the inundation of
vertebrate scavengers (Lashley et al. 2017). However, it is possible that on a certain level, even
invertebrate scavengers could become inundated (Tomberlin et al. 2017). Carrion not consumed
by animals may then be decomposed entirely by microbes or broken down by exposure to the
elements. Byproducts of these processes may then enter the soil, altering soil chemistry and
impacting plant and arthropod communities that are not generally associated with carrion and
decomposition.
In contrast to the death of a single individual of a population, MMEs have been
hypothesized to generate top-down effects due to the dramatic reduction of a specific functional
group in an ecosystem (Fey et al. 2019). This has been demonstrated in laboratory experiments
with an insect-model system, which found that top-down effects can be larger than bottom-up
effects (Hodge 2019). The loss of different functional groups may have different resulting effects
not just in the previously discussed short-term, but in the long-term as well. Mathematical
framework suggests that even a 90% removal or loss of a functional group will eventually return,
though over a potentially longer period of time (Fey et al. 2019). However, the length of
recovery time and how the ecosystem is changed is still largely undetermined. The loss of
scavengers in particular is unknown but could result in major health problems as seen with the
loss of vultures in India (Markandya et al. 2008, Pain et al. 2003). Also, it is unknown how the
cascading effects could permanently alter the landscape. For example, the mass death of
180

herbivores would result in plant loss within the immediate area due to the extreme and deadly
increase of nutrients. However, with the loss of herbivores, new plant life will be able to grow
and be almost unimpeded. Niches could be filled with different plant life and thus, soil
communities and aboveground communities may alter in response.
These potential long-term effects are currently largely unknown and unexplored. While a
few MME studies have been published recently, these experiments have been relatively short in
duration (e.g., less than one year) and therefore only provide insight on the short-term effects of
MMEs on ecosystems (Badia et al. 2019, Hodge 2019, Baruzzi et al. 2018, Lashley et al. 2018;
but see Frank et al. 2020 for examples of longer studies). Therefore, it remains unclear if and
when ecosystems recover from these large disturbance events. Ecosystems are dynamic and
constantly undergoing a continuous process of disturbance and recovery via succession
(Vitousek and Reiners 1975). In particular, secondary succession results from a large disturbance
event where ecosystem dynamics change and must recover to begin once again to approach (but
not reach) a steady state (Zak 2014, Vitousek and Reiners 1975). Most of these disturbance
events have been labelled as natural disturbances such as fire, flood, or drought (Zak 2014,
Vitousek and Reiners 1975). MMEs could change an ecosystem’s long-term trajectory in more
complex, large scale ways. For example, as succession progresses, food chains become elongated
and more complex (Odum 1969). However, if a large number of a particular functional group
(such as scavengers) dies, part of the food chain could be removed or greatly reduced in an
unnatural way, changing the total food web structure.
Environmental changes may asymmetrically affect aboveground and belowground
communities (Van der Putten et al. 2009). Belowground communities are generally considered
more resistant and resilient to disturbances because they are often more diverse and contain
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multiple species that perform similar functional roles (De Deyn and Van der Putten 2005).
Further, aboveground species tend to be more mobile and disperse more easily compared to
belowground species. Many of the aboveground species that consume carrion (i.e., beetles and
flies) can walk or fly relatively long distances up to several miles, depending on the
environmental conditions (Bishopp & Laake 1921). In contrast, belowground arthropods and
microorganisms tend to move at slower rates (Van der Putten et al. 2009, De Deyn and Van der
Putten 2005). Therefore, belowground, and aboveground communities are likely to experience
different effects.
While carcasses may be quickly consumed aboveground, a large amount of material will
be deposited into the soil. For example, previous research has shown that nutrient additions of up
to 15% more nitrogen and 29% more phosphorus from just a single carcass can be detected in the
soil for longer than 3 years (Parmenter and MacMahon 2009). Inorganic nitrogen and
phosphorus can be detected in the soil up to three years later from larger carrion (Towne 2000),
with bones leaching phosphorus for up to 7 years in the case of MMEs (Subalusky et al. 2017).
Leaf nitrogen levels from newer species may be elevated for two to three years after single
carcass death (Bump et al. 2009). Bacterial community shifts may also be detected up two years
later in single human decomposition studies (Singh et al. 2018). Individual carcasses can create
increased bacterial biomass and community shifts even after active scavenging for up to 40
months (Bump et al. 2009).
In the case of multiple carrion, it is possible that scavengers (both invertebrate and
vertebrate) may become inundated resulting in increased microbial activity (Tomberlin et al.
2017). Subsequently, soil arthropods may be altered. Some research suggests that litter
decomposers can be affected months after death (Bornemissza 1957), however, there is little
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information on the subject. More research has involved effects on aboveground arthropod
communities through insect succession (Smith 1986, Bornemissza 1957). However, long term
effects on this scale have yet to be investigated. These different trophic levels may be affected
for a longer period of time due to increased carrion biomass as well as interactions amongst the
levels, creating potential permanent and cascading effects. With both potentially severe bottomup and top-down effects, it is difficult to know how an ecosystem will recover and how it will be
permanently changed.
Based on this evidence, I hypothesize that the effects of larger MMEs will persist longer
than those on a smaller scale. I also hypothesize that belowground community effects will persist
longer than aboveground effects. To test these hypotheses, I will capitalize on an MME
experiment that was initiated in 2016 (Baruzzi et al. 2018, Lashley et al. 2018, Tomberlin et al.
2017) to investigate the long-term effects of MMEs on soil chemistry, microbial communities,
and both above and belowground arthropod communities. In addition to studying the effects of
carrion biomass, the experiment also included a scavenger exclusion treatment that prevented
vultures and other vertebrates from accessing carcasses and a nutrient input treatment that
evaluated the effects of nutrient additions in the absence of carrion. Therefore, I will also sample
and compare scavenger presence and absence plots to test the hypothesis that scavengers mediate
the effects of mass mortality events. Input treatments also included nutrient additive plots
alongside control (no carrion) and MME biomass plots. I hypothesize that nutrient additive plots
will have some similarities to MMEs including the effects on soil nutrients. However, I also
hypothesize that there will be some significant differences including a decrease in nutrients at
MMEs due to scavenging (with the exception of larger MMEs) and subsequent changes in soil
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arthropod and microbial communities. Microbial communities may further differ at MMEs as
scavengers (invertebrate and vertebrate) may bring in new microbial taxa.
3.3

Objectives
I tested the general hypothesis that the effects MMEs have on an ecosystem can persist

for multiple years. To test these hypotheses, I will complete the following three objectives:
My first objective is to determine if biomass, input type, or scavenger exclusion fencing
have individual or interactive effects on soil chemistry after four years. Changes in the soil
chemistry could directly influence soil microbes, arthropods, and plants in the area. Long-lasting
effects in soil nutrients have been noted up to 39 months after carrion decomposition (Parmenter
and MacMahon 2009). Therefore, I predict that nutrients (i.e., nitrogen, potassium, calcium) will
be positively associated with carrion biomass, whether the input was from carrion or nutrient
additive. In the absence of scavengers, I predict that these effects will be amplified due to
decreased removal of carrion and their respective nutrients by vertebrate scavengers.
My second objective is to determine if biomass, input type, or scavenger exclusion
fencing have individual or interactive effects on soil microbial communities after four years.
New microbes are added to the soil as they leach in large amounts from the carrion (Metcalf et
al. 2016, Carter et al. 2007). Important microbial decomposer groups are always present at low
levels in the soil (Metcalf et al. 2016), however, carrion can introduce new key decomposers and
bacteria necessary for nitrogen fixation (Metcalf et al. 2016). Lasting microbial changes from
decomposition are commonly noted (Bump et al. 2009, Yang 2004). Therefore, I predict that
increasing levels of carrion biomass will result in larger deviations of the microbial community
relative to the control treatments. Therefore, I predict that increasing levels of biomass will result
in large changes of the microbial community relative to the control treatments. Microbial
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communities will have more similarities to nutrient additive plots due to similar effects on the
nutrient cycles, however, there will be certain species associated with decomposition and animal
skin and gut microbiomes at MMEs not associated with nutrient additive plots.
My third and final objective is to determine if biomass, input type, or scavenger exclusion
fencing have individual or interactive effects on have long-lasting effects on above and
belowground arthropods communities. I predict that soil and leaf litter arthropod communities
will change due to a potential increase in detritivores as a response to the soil change (Yang
2006, Stork and Eggleton 1992). I also predict that aboveground arthropod communities will be
less affected due to increased ease of dispersal compared to those belowground.
3.4

Methodology
This experiment was initiated on June 5th, 2016, in the John Starr Forest of Mississippi.

The study consisted of five site locations, each at least 1 km apart from other sites (Figure 2).
Each site contains six treatment plots randomized in a 2x3 factorial design that crosses scavenger
access (open or fenced to exclude scavengers) with input treatment (feral swine carrion,
commercially available nutrient additions, or control with no input) (Figure 1). Each of the five
sites were randomly assigned one of five different biomasses of feral swine (Sus scrofa) carrion
(25 kg, 59 kg, 182 kg, 363 kg, and 726 kg). Treatments assigned to the carrion treatment
received feral swine carcasses that combined to weigh the assigned amount. Treatments assigned
to the nutrient additive treatments received pelletized nitrogen, potassium, and calcium nutrient
additions in amounts equivalent to what is expected to be contained within swine carcasses of
that biomass. Control treatments received no inputs. Additional details of the study design can be
found in Lashley et al. 2018 and Baruzzi et al. 2018. Most statistical analyses were performed in
R and distributions were chosen based on several statistical dispersion tests and Bolker 2008.
185

Statistical analyses were performed in CLC Genomics Workbench for microbial results
(Qiagen).
3.4.1

Soil Nutrients
I collected soil samples in the summer of 2020 for nutrient analysis. I used a soil corer to

collect samples from each plot, across the diameter of the plot along all four sub cardinal
directions. I collected enough soil to fill standard soil analysis sample boxes (10 cm x 7.5 cm x 6
cm). Soil was submitted to the Mississippi State University Extension Services, who analyzed
samples for percent nitrogen, potassium concentration, and calcium concentration. I tested the
effects of biomass, input treatment, and scavenger exclusion on these three nutrients using linear
or generalized linear models as appropriate. Percent nitrogen models used a gaussian distribution
for the generalized linear model while potassium and calcium were log normalized for linear
models as tested through Shapiro testing. I ran subsequent ANOVAs and any Tukey post hoc
testing to view significant predictor variable and interaction effects.
3.4.2

Soil Microbes
For microbial samples, I used a 1.5 mL scope to take soil from three locations within

each plot: near the edge of the plot, the center, and halfway in between. Soil from these three
scopes were homogenized together in a plastic bag. I took one scope of the homogenized soil and
placed it into a pre-labeled whirl pak. I then filled the whirl pak with enough 95% ethanol to
cover the sample. Samples were stored in this manner until DNA extraction. The ethanol was
drained from the soil samples and processed through a Zymobiomics DNA Miniprep Kit
(Zymobiomics).
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I added 250 mg of each sample to a separate lysis tube containing 750 mL of
Zymobiomics Lysis Solution. The tubes were placed into a Bead beater for 45 seconds and then
iced for 2 minutes. The bead beating and icing process was repeated once more. I then
centrifuged tubes at 10,000 rcf for 1 minute. I transferred 400 uL of the supernatant to Zymospin III-F filters in new collection tubes and centrifuged for 1 minute at 8,000 rcf, discarding the
filter afterwards. I added 800 uL of Zymobiomics DNA binding buffer and 400 uL of 95%
ethanol to the filtrate in the collection tube and mixed. 800 uL of each mixture was then
transferred to a Zymo-spin II CR column in a different collection tube and centrifuged for 1
minute at 10,000 rcf. I discarded the resulting flow-through from the collection tube and repeated
the process until all the mixture had gone through. 400 uL of Zymobiomics DNA Wash Buffer 1
was added to a Zymo-spin CR column in a new collection tube and centrifuged for 1 minute at
10,000 rcf. The resulting flow-through was discarded. I then added 200 uL of Zymobiomics
Wash Buffer 2 in a collection tube and centrifuged at 10,000 rcf for 1 minute. I transferred the
Zymobiomics II CR column to a new, clean 1.5 mL microcentrifuge tube and added 100 uL of
Zymobiomics DNase/RNase free water directly to the column matrix. The tubes were then
incubated for 1 minute at room temperature. I centrifuged the tubes at 10,000 rcf for 1 minute to
elute the DNA. Zymo-spin III HRC filters were then placed into new collection tubes and 600 uL
of Zymobiomics HRC prep solution was added. I centrifuged those tubes for 3 minutes at 8,000
rcf. The previously eluted DNA was then added to the now prepared Zymo-spin III HRC filters
in a new 1.5 mL microcentrifuge tube, which was then centrifuged at exactly 16,000 rcf for 3
minutes. The resulting flow-through (DNA) was stored in a -20 degrees Celsius freezer until
PCR amplification.
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Before PCR amplification, I determined the presence of quantifiable DNA using 1 uL of
each sample with Qubit 2.0 protocols. In the case of too little DNA, soil extractions were redone.
Some samples had to be diluted to 1/10th with molecular water due to inhibitors preventing the
expression of DNA. I then used PCR to amplify the DNA using Earth Microbiome Project
protocols (35 cycles) in a C1000 Touch Thermal Cycler. Standard primers (10mM) of 16sV4
FWD: GTGCCAGCMGCCGCGGTAA; REV: GGACTACHVGGGTWTCTAAT were used.
PCR reaction mixture included 12.5 uL of PCR Master Mix (x2), 2.5 uL of PCR-grade water, 1
uL of forward primer, 1 uL of reverse primer, and 3 uL of DNA sample for a total of 20 uL.
Once amplified, I analyzed the presence of DNA using GelGreen gels.
I sent amplified samples in a 96 well plate assay to Michigan State University’s genomic
laboratory unit for further sequencing of my samples using 16S rRNA community sequencing on
the Illumina platform (Caporaso et al. 2012). I analyzed my results using the CLC Genomics
Workbench software (Qiagen). All 16S sequences were kept to analyze any potential differences
in mitochondrial sequences. To determine the differences in microbes, my statistical analyses
included NMDS ordination of Bray Curtis dissimilarities to visualize the changes and differences
in and among communities. Diversity indices including Shannon, Simpson, and Chao-1 biascorrected were further visualized using Mann-Whitney U tests. Microbial community differences
analyzed using PermANOVA (Permutational multivariate analysis of variance) to evaluate the
differences within treatment groups as well as statistically support NMDS graphs.
3.4.3

Soil & Litter Arthropods
I collected three subsamples of soil from randomized locations within all of the plots.

Each subsample was taken at a different distance from the center of the plot to the edge of it for a
full scope of the entire plot. I collected soil samples by shoveling soil several inches deep into a
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13.4 gram container. I then combined and homogenized the three subsamples into one sample.
Samples were stored in a shaded location until all sampling was complete. Leaf litter was also
collected in a similar fashion. Subsamples were approximated so that the total sample filled the
volume of a one gallon bag. Each sample was then placed into a Berlese funnel with a 25-Watt
bulb to extract the arthropods (Barberena-Arias et al. 2012) with collection cups containing 70%
isopropyl alcohol.
Once the soil and leaf litter had dried (at least 48 hours), I capped collection cups and
began analysis of the arthropods under a dissecting scope present in MSU laboratory spaces. Due
to the vast number of mites, I was only able to identify mites to subclass Acari. Most other
specimens were identified down to a family level when possible. Difficult specimens were
identified with the help of Dr. Terry Schiefer from the Mississippi State University
Entomological Museum. I also consulted BugGuide as needed
(https://bugguide.net/node/view/15740).
I compared the soil and litter arthropods between the control plots and carrion biomass
plots. A potential limiting factor in this methodology is the possibility for differences in
treatments due to cohorts of mites varying in location. There could exist different mite cohorts in
the different forest patches that could vary arthropod communities unrelated to changes by the
placement of carrion.
Statistical analyses involved viewing changes to community structure were determined
by using non-metric multidimensional scaling (NMDS) with Bray-Curtis dissimilarities and
Permutational multivariate analysis of variance (PermANOVA) analyses for statistical support.
Indices of family richness, functional richness, family evenness (Shannon) (Nagendra 2002,
Shannon 1948), and abundance were tested using generalized linear and linear models,
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depending on the state of the data. Generalized linear models utilizing Poisson distributions were
used for family and functional richness. Family evenness and abundance (log normalized) were
tested through linear modeling based on Shapiro testing (Shapiro; p = 0.116, 0.203 respectively).
For family richness, unknowns and immatures were not included. In functional richness
calculations, if a family was defined as having a potential of one of two functional groups, it was
included in functional group richness analysis. However, these two in one functional group
would only count if neither of those functional groups had been noted in the sample. Functional
group was primarily determined by the 7th edition of the Study of Insects book, with a few
exceptions (Supplemental Material). For Shannon evenness, total abundance is used so as not to
accidentally overestimate family evenness. However, unknowns and immatures were not
calculated as part of the Shannon diversity as their families are unknown. Subsequent ANOVAs
and potential Tukey post hoc testing were run to determine any variable or interaction effects.
3.4.4

Aboveground Arthropods
At the beginning of the experiment, four sticky traps were placed within the plot in four

cardinal directions, approximately 1 m from the center. I placed wooden stakes in similar
locations (cardinal directions) to these previous sticky traps within the plots (4 sticky traps per
plot x 30 plots = 120 total). I then stapled sticky traps to the wooden stakes and left them out for
~ 96 hours for specimen collection.
Sticky traps were then collected and analyzed under a dissecting scope and all arthropods
were identified down to the family level, not including Acari and Aranea (Triplehorn and
Johnson 2005). Entomological identification aid was provided by Dr. Jerome Goddard. For aid
with difficult specimens, I consulted Dr. Terry Schiefer from the Mississippi State University
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Entomological Museum. I also consulted BugGuide as needed
(https://bugguide.net/node/view/15740).
Bray-Curtis dissimilarity was used for non-metric multidimensional scaling (NMDS).
NMDS clustered the data of different families and species across biomass, input treatment, and
fencing (Kenkel and Orlocs 1986). I used linear or generalized linear models of family richness,
functional richness, family evenness (Shannon) (Nagendra 2002, Shannon 1948), and abundance
followed by ANOVAs to determine any statistically significant differences over time, as well as
across different treatments. Family richness and abundance were log normalized (Shapiro; p =
0.283, 0.186 respectively). Functional richness was not normal (Shapiro, p > 0.05) and a
generalized linear model using a Poisson distribution was created. Linear models were used for
family richness, evenness (Shapiro; p = 0.070), and abundance. For family richness, unknowns
and immatures were not included. In functional richness calculations, if a family was defined as
falling into one of two functional groups, it was included in functional group richness analysis.
However, these two in one functional group would only count if neither individual functional
group had been noted in the sample. Functional group was generally determined by the 7th
edition of the Study of Insects book, with a few exceptions (Supplemental Material). For
Shannon evenness, immatures and unknowns were not included in the calculations as they were
unable to be placed into families. However, unknowns and immatures are used as part of total
abundance so as not to accidentally overestimate family evenness. Further Tukey post hoc testing
was performed when further analysis from significant results was required. PermANOVA testing
was also performed to determine which (if any) of the predictor variables had a significant effect
across the aboveground arthropod community as a whole.
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3.5
3.5.1

Results
Soil Nutrients
A generalized linear model with gaussian distribution and ANOVA was performed for

percent nitrogen due to the data’s non-normal distribution (Shapiro test, p<0.001) (Figure 3;
Table 1). There was a significant effect of only input treatment on soil nitrogen (p = 0.03862).
Linear modeling for potassium was log normalized successfully as seen in Shapiro testing
(p = 0.434). Potassium levels tended to increase with site biomass (Figure 4; Table 2; p = 0.070).
Tukey post hoc tests revealed that potassium levels were higher in carrion treatments when
compared to control treatments (p = 0.024) but did not differ from nutrient treatments (p = 0.97).
Potassium levels in nutrient treatments were higher than those in control treatments (p = 0.039).
There was not an effect of scavenger exclusion (p = 0.726) and there were no significant
interactions.
Calcium levels were analyzed using a linear model using log transformation to normalize
the data as determined by Shapiro testing (p = 0.4264). There was not an effect of scavenger
exclusion (p = 0.476) and there were no significant interactions. Calcium was significantly
affected by both biomass (p = 0.020) and input treatment (p = 0.001), with calcium levels
increasing with biomass treatment (Figure 5; Table 3). Tukey post hoc tests revealed that
calcium levels did not differ among carrion and nutrient treatments (p = 0. 15). Relative to
control treatments, nutrient treatments had higher levels of calcium (p = 0.001) and carrion
treatments tended to have higher levels of calcium (p = 0.086).
3.5.2

Soil Microbes
All 16s rRNA sequencing results from Michigan State University returned with enough

reads for sequencing with the exception of one sample collected from the 59 kg site (fenced
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MME plot) and 5 out of 6 collections from the 25 kg biomass site. Therefore, I had to remove the
lowest biomass site (25 kg) from the analyses.
Using Bray-Curtis modeling for Permutational multivariate analysis of variance
(PermANOVA) and alpha diversity comparisons, significant differences were detected in
biomass comparisons and input treatment comparisons. For biomass, there was a significant
difference of the 182 kg treatments compared to the 363 kg treatments (p = 0.007), 726 kg
treatments (p = 0.006), and 59 kg treatments (p = 0.040). The 182 kg treatments differed
significantly from all other biomass treatments, however, there were no other noted differences.
The 363 kg, 726 kg, and 59 kg treatments were not significantly different from each other. For
input treatment, significant differences were noted between nutrient additive treatments and
carrion treatments (p = 0.011) as well as control (no carrion) and carrion treatments (p = 0.006).
However, there was no significant difference between control and nutrient additive treatments.
Fencing treatments had no significant differences.
Principal coordinate scatter plots (supported by PermANOVA) indicated that biomass
treatments are generally grouped together and different from control and nutrient additive
treatments, with the exception of 182 kg biomass treatments which are grouped separately
(Figure 6). Overall, there was no variation or significant differences noticed between biomass,
fencing, or input treatment across the Shannon diversity index (Figures 7, 8, 9), Simpson
diversity index (Figures 10, 11, 12), or Chao-1 bias correction (Figures 13, 14, 15). Top taxa
were discerned from relative abundance tables in individual treatment plots. Abundances were
also viewed amongst biomass and treatment variables (Figures 16, 17).
The highest abundance across the different treatment combinations were Bacillaceae with
32 % at 2CF, 2 % at 2CO, 19 % at 2NF, 21 % at 2NO, 18 % at 2PO, 40 % at 3CF, 35 % at 3CO,
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12 % at 3NO, 17 % at 3NF, 22 % at 3PF, 3 % at 3PO, 14 % at 4CF, 4 % at 4CO, 44 % at 4NF,
31 % at 4NO, 38 % at 4PF, 14 % at 4PO, 21 % at 5CF, 4 % at 5CO, 38 % at 5NF, 31 % at 5NO,
14 % at 5PF, and 30 % at 5PO. This was followed by Paenibacillaceae with abundances of 9 %
2CF, 11 % at 2CO, 13 % at 2NF, less than 1 % at 2NO, 29 % at 2PO, 11 % at 3CF, 9 % at 3CO,
8 % at 3NO, 4 % at 3NF, 7 % at 3PF, 2 % at 3PO, 4 % at 4CF, 25 % at 4CO, 14 % at 4NF, 22 %
at 4CF, 23 % at 4PF, 7 % at 4PO, 43% at 5CF, 10 % at 5CO, 9 % at 5NF, 8 % at 5NO, 6 % at
5PF, and 6 % at 5PO. Planococcaceae had abundance of 31 % at 2CF, 5 % at 2CO, 22 % at 2NF,
less than 1 % at 2NO, 28 % at 2PO, 23 % at 3CF, 24 % at 3CO, 6 % at 3NO, 3 % at 3NF, 15 %
at 3PF, 1 % at 3PO, 2 % at 4CF, 5 % at 4CO, 5 % at 4NF, 15 % at 4NO, 10 % at 4PF, 3 % at
4PO, 10 % at 5CF, 1 % at 5CO, 18 % at 5NF, 15 % at 5NO, 3 % at 5PF, and less than 1 % at
5PO. Clostridiaceae 1 had abundances of 3 % at 2CF, 9 % at 2CO, 2 % at 2NF, less than 1 % at
2NO, 3 % at 2PO, less than 1 % at 3CF, 2 % at 3CO, less than 1 % at 3NO, less than 1 % at 3NF,
1 % at 3PF, less than 1 % at 3PO, less than 1 % at 4CF, less than 1 % at 4CO, 2 % at 4NF, 2 %
at 4NO, 6 % at 4PF, 11 % at 4PO, 4 % at 5CF, less than 1 % at 5CO, less than 1 % 5NF, less
than 1 % at 5NO, 13 % at 5PF, and 26 % at 5PO. Mitochondria had abundance of less than 1 %
at 2CF, 0 % at 2CO, less than 1 % at 2NF, less than 1 % at 2NO, 1 % at 2PO, less than 1 % at
3CF, less than 1 % at 3CO, less than 1 % at 3NO, less than 1 % at 3NF, less than 1 % at 3PF, 0
% at 3PO, less than 1 % at 4CF, less than 1 % at 4CO, less than 1 % at 4NF, less than 1 % at
4NO, 3 % at 4PF, less than 1 % at 5CF, less than 1 % at 5CO, less than 1 % at 5NF, less than 1
% at 5NO, 24 % at 5PF, and less than 1 % at 5PO. Lachnospiraceae had abundances of 1 % at
2CF, 3 % at 2CO, less than 1 % at 2NF, less than 1 % at 2NO, 3 % at 2PO, 1 % at 3CF, 1 % at
3CO, less than 1 % at 3NO, less than 1 % at 3NF, less than 1 % at 3PF, less than 1 % at 3PO,
less than 1 % at 4CF, 2 % at 4CO, 3 % at 4NF, 1 % at 4NO, 5 % at 4PF, 7 % at 4PO, 1 % at
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5CF, less than 1 % at 5CO, 4 % at 5NF, 3 % at 5NO, 9 % at 5PF, and 2 % at 5PO.
Ruminococcaceae had abundances of 4 % at 2CF, 25 % at 2CO, 10 % at 2NF, less than 1 % at
2NO, 2 % at 2PO, 2 % at 3CF, 3 % at 3CO, 2 % at 3NO, less than 1 % at 3NF, less than 1 % at
3PF, less than 1 % at 3PO, less than 1 % at 4CF, 5 % at 4CO, 3 % at 4NF, 4 % at 4NO, less than
1 % at 4PF, 13 % at 4PO, 2 % at 5CF, less than 1 % at 5CO, less than 1 % at 5NF, 1 % at 5NO, 6
% at 5PF, and less than 1 % at 5PO. Unknown Family (N/A) had abundances of 1 % at 2CF, less
than 1 % at 2CO, less than 1 % at 2NF, less than 1 % at 2NO, less than 1 % at 2PO, 4 % at 3CF,
1 % at 3CO, less than 1 % at 3NO, less than 1 % at 3NF, less than 1 % at 3PF, less than 1 % at
3PO, less than 1 % at 4CF, less than 1 % at 4CO, less than 1 % at 4NF, 1 % at 4NO, less than 1
% at 4PF, less than 1 % at 4PO, less than 1 % at 5CF, less than 1 % at 5CO, 7 % at 5NF, 10 % at
5NO, less than 1 % at 5PF, and less than 1 % at 5PO. Flavobacteriaceae had abundances of 0 %
at 2CF, 0 % at 2CO, less than 1 % at 2NF, 28 % at 2NO, less than 1 % at 2PO, less than 1 % at
3CF, less than 1 % at 3CO, less than 1 % at 3NO, less than 1 % at 3NF, less than 1 % at 3PF,
less than 1 % at 3PO, 9 % at 4CF, less than 1 % at 4CO, less than 1 % at 4NF, 0 % at 4NO, less
than 1 % at 4PF, less than 1 % at 4PO, less than 1 % at 5CF, 0 % at 5CO, less than 1 % at 5NF, 2
% at 5NO, less than 1 % at 5PF, and less than 1 % at 5PO. Enterobacteriaceae had abundances of
less than 1 % at 2CF, less than 1 % at 2CO, less than 1 % at 2NF, 4 % at 2NO, less than 1 % at
2PO, 2 % at 3CF, less than 1 % at 3CO, 2 % at 3NO, less than 1 % at 3NF, less than 1 % at 3PF,
less than 1 % at 3PO, 16 % at 4CF, less than 1 % at 4CO, less than 1 % at 4NF, less than 1 % at
4NO, less than 1 % at 4PF, less than 1 % at 4PO, less than 1 % at 5CF, less than 1 % at 5CO,
less than 1 % at 5NF, less than 1 % at 5NO, less than 1 % at 5PF, and less than 1 % at 5PO.
Xanthobacteraceae had abundances of 4 % at 2CF, less than 1 % at 2CO, less than 1 % at 2NF, 0
% at 2NO, less than 1 % at 2PO, less than 1 % at 3CF, 3 % at 3CO, 12 % at 3NO, 14 % at 3NF,
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14 % at 3PF, 7 % at 3PO, less than 1 % at 4CF, 6 % at 4CO, 3 % at 4NF, 3 % at 4NO, less than 1
% at 4PF, less than 1 % at 4PO, 3 % at 5CF, 18 % at 5CO, less than 1 % at 5NF, less than 1 % at
5NO, less than 1 % at 5PF, and less than 1 % at 5PO. Actinomycetaceae had abundances of less
than 1 % at 2CF, less than 1 % at 2CO, less than 1 % at 2NF, less than 1 % at 2NO, 0 % at 2PO,
3 % at 3CF, less than 1 % at 3CO, less than 1 % at 3NO, less than 1 % at 3NF, less than 1 % at
3PF, less than 1 % at 3PO, less than 1 % at 4CF, less than 1 % at 4CO, less than 1 % at 4NF, less
than 1 % at 4NO, less than 1 % at 4PF, less than 1 % 4PO, 0 % at 5CF, less than 1 % at 5CO, 7
% at 5NF, 7 % at 5NO, less than 1 % at 5PF, and less than 1 % at 5PO. Uncultured bacterium
(12) had 0 % at 2CF, less than 1 % at 2CO, less than 1 % at 2NF, 0 % at 2NO, less than 1 % at
2PO, less than 1 % at 3CF, less than 1 % at 3CO, 7 % at 3NO, 13 % at 3NF, 8 % at 3PF, 19 % at
3PO, less than 1 % at 4CF, 11 % at 4CO, less than 1 % at 4NF, less than 1 % at 4NO, less than 1
% at 4PF, less than 1 % at 4PO, 5 % at 5CO, less than 1 % at 5NF, less than 1 % at 5NO, 0 % at
5PF, and 0 % at 5PO. Uncultured Acidobacteria bacterium-03 had abundances of 0 % at 2CF, 0
% at 2CO, less than 1 % at 2NF, 0 % at 2NO, 0 % at 2PO, less than 1 % at 3CF, 0 % at 3CO, 10
% at 3NO, 10 % at 3NF, 3 % at 3PF, 31 % at 3PO, less than 1 % at 4CF, 6 % at 4CO, less than 1
% at 4NF, less than 1 % at 4NO, 0 % at 4PF, less than 1 % at 4PO, less than 1 % at 5CF, 5 % at
5CO, less than 1 % at 5NF, less than 1 % at 5NO, 0 % at 5PF, and 0 % at 5PO.
Streptosporangiaceae had abundances of less than 1 % at 2CF, less than 1 % at 2CO, less than 1
% at 2NF, 0 % at 2NO, less than 1 % at 2PO, less than 1 % at 3CF, less than 1 % at 3CO, less
than 1 % at 3NO, less than 1 % at 3NF, less than 1 % at 3PF, 0 % at 3PO, less than 1 % at 4CF, 2
% at 4CO, less than 1 % at 4NF, less than 1 % at 4NO, less than 1 % at 4PF, 3 % at 4PO, less
than 1 % at 5CF, less than 1 % at 5CO, less than 1 % 5NF, less than 1 % at 5NO, 9 % at 5PF,
and 2 % at 5PO. Family XI-02 had abundances of 0 % at 2CF, less than 1 % at 2CO, less than 1
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% at 2NF, less than 1 % at 2NO, less than 1 % at 2PO, less than 1 % at 3CF, less than 1 % at
3CO, 0 % at 3NO, 0 % at 3NF, less than 1 % at 3PF, less than 1 % at 3PO, less than 1 % at 4CF,
less than 1 % at 4CO, 0 % at 4NF, less than 1 % at 4NO, 4 % at 4PF, 14 % at 4PO, less than 1 %
at 5CF, 0 % at 5CO, less than 1 % at 5NF, less than 1 % at 5NO, 3 % at 5PF, and 8 % at 5PO.
Acidothermaceae had abundances of 0 % at 2CF, less than 1 % at 2CO, less than 1 % at 2NF, 0
% at 2NO, less than 1 % at 2PO, less than 1 % at 3CF, 1 % at 3CO, less than 1 % at 3NO, less
than 1 % at 3NF, less than 1 % at 3PF, less than 1 % at 3PO, less than 1 % at 4CF, less than 1 %
at 4CO, less than 1 % at 4NF, less than 1 % at 4NO, 0 % at 4PF, 12 % at 4PO, less than 1 % at
5CF, 1 % at 5CO, less than 1 % at 5NF, less than 1 % at 5NO, 5 % at 5PF, and 1 % at 5PO.
Sphingobacteriaceae had abundances of 0 % at 2CF, less than 1 % at 2CO, less than 1 % at 2NF,
15 % at 2NO, less than 1 % at 2PO, less than 1 % at 3CF, less than 1 % at 3CO, less than 1 % at
3NO, less than 1 % at 3NF, less than 1 % at 3PF, less than 1 % at 3PO, 5 % at 4CF, less than 1
% at 4CO, less than 1 % at 4NF, 0 % at 4NO, 0 % at 4PF, less than 1 % at 4PO, less than 1 % at
5CF, 0 % at 5CO, less than 1 % at 5NF, 1 % at 5NO, less than 1 % at 5PF, and less than 1 % at
5PO. Uncultured bacterium-40 had abundances of less than 1 % at 2CF, less than 1 % at 2CO,
less than 1 % at 2NF, 2 % at 2NO, less than 1 % at 2PO, less than 1 % at 3CF, 0 % at 3CO, less
than 1 % at 3NO, less than 1 % at 3NF, less than 1 % at 3PF, less than 1 % at 3PO, 11 % at 4CF,
less than 1 % at 4CO, less than 1 % at 4NF, less than 1 % at 4NO, less than 1 % at 4PF, less than
1 % at 4PO, less than 1 % at 5CF, less than 1 % at 5CO, less than 1 % at 5NF, less than 1 % at
5NO, 0 % at 5PF, and less than 1 % at 5PO. Finally, Rhizobiaceae had abundances of 0 % at
2CF, 0 % at 2CO, less than 1 % at 2NF, less than 1 % at 2NO, less than 1 % at 2PO, 2 % at 3CF,
less than 1 % at 3CO, 0 % at 3NO, less than 1 % at 3NF, less than 1 % at 3PF, less than 1 % at
3PO, less than 1 % at 4CF, less than 1 % at 4CO, less than 1 % at 4NF, 0 % at 4NO, 0 % at 4PF,
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less than 1 % at 4PO, less than 1 % at 5CF, 0 % at 5CO, 5 % at 5NF, 5 % at 5NO, less than 1 %
at 5PF, and less than 1 % at 5PO.
3.5.3

Soil & Litter Arthropods
I found no significant effects of biomass, scavenger exclusion, or input treatments on soil

and litter family richness (p’s > 0.174), functional richness (p’s > 0.517), or arthropod abundance
(p’s > 0.216) (Figures 21, 22, 24; Tables 4, 5, 7). An interactive effect of biomass and input
treatments on soil and litter arthropod family evenness was detected (p = 0.049) (Figure 23;
Table 6). Further evaluation revealed that this was driven by reduced evenness as biomass
increased in the carrion addition treatments (p = 0.005).
Non-metric multidimensional scaling (NMDS) revealed that all predictor variable effects
on arthropod communities had many similarities and community crossover (Figures 18, 19, 20)
as further supported by PermANOVA, which statistically indicated no significance of any
predictor variables (all p’s > 0.265).
Indicator species analysis revealed that Sympleona (Collembola) were a significant
indicator of different treatments (p = 0.001). Sympleona (cluster 3) appeared almost exclusively
at 182 kg sites across all three input treatments and both fencing. In the seven treatments
Sympleona appeared, five were at biomass 182 kg. When treatments were tested individually,
significance of Sympleona in biomass treatments was confirmed (p = 0.003). Input treatment
only had a significant indicator of immature larvae (p = 0.039), however, as this is an unknown
group, we cannot determine more information. Fencing had no significant indicators.
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3.5.4

Aboveground Arthropods
All diversity and abundance data were significantly affected by our predictor variables

with the exception of functional richness (Poisson) (p’s > 0.84) (Figure 29; Table 9).
Both biomass (p = 0.012) and fencing (p = 0.021) significantly affected family richness.
Input treatment did not have an effect (p = 0.100), however, there was a significant effect of all
three factor interactions (p = 0.005). Initial post hoc testing did not show any significant pairwise
effects. Biomass cannot be analyzed through Tukey post hoc testing due to its continuous nature.
However, an increase in biomass did appear to correlate with an increase in family richness
(Figure 28; Table 8). Further analysis also revealed a potential effect of fencing but only when
comparing fenced control (no carrion) treatments and nutrient additive treatments (p = 0.010).
Control (no carrion plots) had significant differences between fenced and open plots (p = 0.009).
Family evenness significantly decreased with increasing biomass (p = 0.012; Figure 30;
Table 10). There was also a significant interaction effect between biomass and fencing (p <
0.001). There may be further interaction effects specifically between swine carrion and open
treatments (p = 0.016) as well as swine carrion and biomass and open treatments (p = 0.041).
However, further Tukey post hoc tests did not reveal significant pairwise differences.
The number of arthropods captured on sticky traps increased with biomass (p < 0.001; Figure 31;
Table 11) and was marginally significant for the fencing treatment (p = 0.051), however, Tukey
post hoc testing could not be performed with biomass due to its continuous nature.
NMDS graphs indicated some potential differing arthropod communities’ effects via
biomass (Figure 25) but not much different effects via input treatment and fencing (Figures 26,
27). PermANOVA statistically supported that biomass was the only predictor variable that
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significantly affected the arthropod community as a whole (p = 0.001). Input treatment and
fencing were not significant predictor variables (p = 0.922, 0.289 respectively).
ISA results showed numerous potentially significant taxa associated with certain
treatments including Theridiidae (p = 0.006), Blattellidae (p = 0.019), Sclerosomatidae (p =
0.026), Salticidae (p = 0.011), Unknown Grylloidea (p = 0.048), Acrididae (p = 0.036), Acari (p
= 0.001), Chironomidae (p = 0.010), Entomobryidae (p = 0.017), Ceraphronidae (p = 0.015),
Cecidomyiidae (p = 0.002), Immature Aranea (p = 0.015), Sciaridae (p = 0.003), general Aranea
(p = 0.031), Mymaridae (p = 0.006), Platygasteridae (p = 0.020) as well as unknowns (p =
0.025), which are unidentifiable and therefore not indicator species. With the excess of potential
indicator species, I was unable to perform through investigations into each group. However,
some taxonomic groups may be causing large effects in our final results such as mites, which
were located at almost all treatments but had the highest abundance at the largest carrion biomass
(726 kg), attributing to the significance of abundance. Different families and general groupings
of Aranea were also largely significant.
These results appear to be from primarily changes in biomass. Separate testing of
predictor variables indicate that Aphididae (p = 0.014) is a significant indicator of input
treatment. Further investigation revealed that Aphididae were only present at carrion treatments.
Dolichopodidae (p = 0.048) and Rhyparochromide (p = 0.043) were indicators of different
fencing/scavenger access or exclusion. Unknown collembola (p = 0.035) were also significant
but not further investigated due to lack of taxonomic identification. Dolichopodidae were only
located at fenced (scavenger exclusion) treatments while Rhyparochromide were only collected
at open (scavenger access) treatments.
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Separate testing of predictor variables revealed that all the initially revealed indicator
species were in relation to biomass, including Theridiidae (p = 0.007), Blattellidae (p = 0.028),
Sclerosomatidae (p = 0.021), Salticidae (p = 0.016), Unknown Grylloidea (p = 0.043), Acrididae
(p = 0.029), Acari (p = 0.001), Chironomidae (p = 0.007), Entomobryidae (p = 0.015),
Ceraphronidae (p = 0.014), Cecidomyiidae (p = 0.004), Immature Aranea (p = 0.022), Sciaridae
(p = 0.008), general Aranea (p = 0.044), Mymaridae (p = 0.007), Platygasteridae (p = 0.026) as
well as unknowns (p = 0.031).
3.6

Discussion
I evaluated soil chemistry, soil microbes, soil and litter arthropod communities, and

above-ground arthropod communities four years after an experimental test of the effects of mass
mortality events was conducted. My results show that many aspects of the ecosystem are not
currently affected by the experimental treatments. However, my results show that other aspects
of the ecosystem continue to differ after four years. Taken together, my results show that MMEs
can have effects that last for years after the carrion has decomposed, but that these effects
emerge asymmetrically in different parts of the ecosystem.
3.6.1

Soil Nutrients
Percent nitrogen was only significantly different across treatment inputs. However, upon

further Tukey post hoc testing, no significant differences between treatments were detected.
Pairwise comparisons between carrion and control plots trended towards significance (p =
0.0844). Nitrogen is generally lost faster into the environment including through microbes, soil
and litter arthropods, and scavenger responses compared to other nutrients (Maran et al. 2020,
Metcalf et al. 2016, Parmenter and MacMahon 2009) and also has a general faster turnover
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(Benninger et al. 2008). Studies have shown that nitrogen can remain in excess in the soil for up
to a year, slowly decreasing towards a normal level again (Barton et al. 2013, Anderson et al.
2013). Carcass biomass has been seen to have an effect on different nitrogen levels and
consumption (Spicka et al. 2011, Towne 2000), where soil nitrogen pulses of larger carcasses
take up to three years to stabilize, with long term effects on the plant community (Danell et al.
2002, Towne 2000). Increased nitrogen uptake in plants is also present in carrion events (Yang
2013). Plant uptake and duration of our experiment (4 years) may be the reason as to why
nitrogen is no longer significantly affected.
However, potassium has been shown to leach from carrion before nitrogen while skeletal
components such as calcium are lost at slower rates (Parmenter and MacMahon 2009, Seastedt
and Tate 1981). Previous work has shown soil potassium to be largely unaffected by carrion a
year after decomposition (Towne 2000). However, even though potassium is lost from carrion at
a faster rate does not equate to the rate of potassium loss in the environment. Leaching of
potassium also differs for different carrion species (Towne 2000). Other studies found that there
was an effect on potassium up to a year or two later (Szelecz et al. 2018, Vass et al. 1992), even
up to three to five years after some instances of carrion, though why remains unclear (Melis et al.
2007). MMEs and nutrient additive plots did not differ because both included the addition of
potassium to the soil. Potassium levels are affected by the addition of the nutrient (either directly
or through carrion) to the soil and did not return to base level. While partly affected by the
nutrient addition/MME, potassium may also remain in high amounts due to environmental
factors. Excessive potassium into plant systems through KCl have toxic effects on plant growth
(Kito et al. 2017, Yao et al. 2010). However, plants also uptake potassium in excess as a surplus
(i.e., luxury consumption) (Kito et al. 2017, Winkler and Zotz 2010). Both of these findings
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correlate with our results. Increased potassium was located at larger carrion treatments, showing
that whether or not plants may have taken up excess potassium, potassium levels would remain
higher due to excessive, potentially toxic amounts of potassium.
Calcium was influenced by both the biomass and the input treatments. Specifically,
calcium increased with carrion biomass and significant input treatment differences were only
noticed between control and nutrient additive plots. Calcium is lost last in carrion (Parmenter and
MacMahon 2009, Seastedt and Tate 1981) and remains in elevated abundance during dry and
remains stages (Carter et al. 2007, Vass et al. 1992). Calcium concentration changes can be
found seven years after death (Benninger et al. 2008). With the slower loss of calcium and the
increased amount of skeletal remains, calcium would indeed be in excess across MME sizes. The
reasoning for significant calcium differences between control (no carrion) and nutrient additive
groups is more complicated. It is logical that these two groups would differ significantly as
excessive calcium is directly added to the nutrient additive treatments. Subsequently, it is also
feasible that MMEs and nutrient additive treatments would not differ as a similar amount of
calcium is added to the soil. However, control plots and MMEs should then also significantly
differ from each other. While these input treatments trend towards significance (p = 0.0857),
differences here are less noticeable than nutrient additive and control group comparisons. The
calcium deposited into the soil from carrion may differ from the direct addition in nutrient
additive treatments, due to potential removal of carrion (invertebrate and vertebrate scavengers)
and scattering of bone (vertebrate scavengers). Biomass may have been affected calcium, but it is
possible that scavenging from vertebrates and invertebrates may have led to a decreased effect of
carrion (Parmenter and MacMahon 2009).
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3.6.2

Soil Microbes
Mass mortality events of 182 kg in biomass were significantly different compared to the

other three biomasses of 59 kg, 363 kg, and 726 kg. However, there were no significant
differences between the largest two carrion biomasses (p = 0.201). Mass mortality events were
significantly different from nutrient additive treatments as well as control treatments, however,
control and nutrient additive treatments did not differ significantly (p = 0.450). While nutrient
additive treatments had the same amount of nutrients added as in the mass mortality treatments,
nutrient treatments did not have any addition of associated microorganisms that would be present
from carrion, hence why nutrient additive treatment, and control treatments (no carrion) did not
differ significantly. There was no significant effect of fencing (scavenger exclusion) (p = 0.288),
potentially due to invertebrate access to carrion.
3.6.2.1

Microbial Differences Across Biomass
Differences in microbial relative abundance were discovered between the 182 kg site in

comparison to the other treatments. For instance, there was a higher relative abundance of
Acidobacteria (Subgroup 6) at 182 kg treatments compared to the 59 kg, 363 kg, and 726 kg
treatments. Acidobacteria, particularly those in subgroup 6, represent a large suite of the total
bacteria community in pasture and forest soils (more so pasture soils) (Navarrete et al. 2015).
Acidobacteria in subgroup 6 (as well as 4, 5, 7, 17, and 25) are negatively linked to soil acidity
and positively related to nutrient availability (Navarrete et al. 2015). Acidobacteria are
seemingly capable of nitrite and nitrate reduction but cannot fix or denitrify N2 and thus, there is
no clear evidence of Acidobacteria involved in some of the key nitrogen processes (Kielak et al.
2016, Ward et al. 2009), though they may be able to metabolize carbon (Ward et al. 2009). This
may indicate that either Acidobacteria were able to survive only at smaller MME events or (due
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to the lack of Acidobacteria at 59 kg), treatments of 182 kg generally had a higher amount of
Acidobacteria regardless of experimentation.
In comparison to 59 kg treatments, 182 kg treatments had a higher relative abundance of
Lysinibacillus. There were no microbial taxa discovered that were present in higher relative
abundance at 59 kg treatments. Lysinibacillus has already been previously described to be higher
in relative abundance at 182 kg treatments as well as existing in saline soils and degrading
LDPE. Soils at 182 kg collections may have contained more communities of Lysinibacillus than
other treatments. Other taxa involved in the comparisons were not significantly different.
Overall, there were few species differences between these two smaller MME treatments.
In comparison to 363 kg treatments, 182 kg treatments also had significantly higher relative
abundance of Lysinibacillus and Staphylococcus aureus. Lysinibacillus includes aerobic,
halotolerant bacterium that have been isolated from saline-alkaline soils (Kong et al. 2014) as
well as malathion-contaminated soils (Singh et al. 2012). Lysinibacillus also has the ability to
degrade low-density polyethylene (LDPE), as seen in landfill soils (Esmaeili et al. 2013). The
increased biomass of carrion at 363 kg treatments may have killed more Lysinibacillus while
there was an increased survival at 182 kg treatments. Staphylococcus aureus is generally
pathogenic and found on skin, with subspecies being found primarily in sheep abscesses
(Madhaiyan et al. 2020, De la Fuente et al. 1985), minor skin infections (Deurenberg and
Stobberingh 2008), and in contamination of pig barns (Schulz et al. 2012). One or more of the
carcasses involved in the 182 kg carrion treatments may have carried this species.
In comparison to 726 kg treatments, 182 kg treatments had more Aquicella and
Gemmataceae. Aquicella are found in agricultural land use soils (Wolinska et al. 2018). Overall,
Aquicella appears to have a positive relationship with N-NO3 (from fertilizer) and P-PO4
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(Wolinska et al. 2018) as well as being related to soil carbon metabolism (Zhou et al. 2021).
Aquicella may be present in higher abundances at 182 kg treatments due to its ability to resist
certain soil changes such as during agricultural land use (Wolinska et al. 2018). However, the
largest carrion biomass treatment may have been a large enough disturbance to reduce Aquicella,
at least in comparison to the smaller carrion treatment (182 kg). Gemmataceae is a recently
described family, first located from an acidic Sphagnum peat bog (Kulichevskaya et al. 2017) but
are also widely distributed in terrestrial and freshwater environments, including in tundra
wetlands (Kulichevskaya et al. 2020, Wang et al. 2002). Gemmataceae may already have been
present in soils, however, they were destroyed at higher carrion abundances (726 kg).
However, two microbial taxa were more predominant at both 363 kg and 726 kg
treatments including Anaerosalibacter, and Clostridiaceae 1. Clostridiaceae 1 and
Anaerosalibacter are likely to increase at larger carrion biomasses, with 726 kg being the largest
MME. Anaerosalibacter are significantly correlated positively with bio-heat, can affect bio-heat
in composting at low temperatures (Sun et al. 2021) and are fairly halotolerant and
thermotolerant (Rezgui et al. 2012). In carrion burials, Anaerosalibacter are dominant around 60
days of decomposition and were generally common in burials (Miguel et al. 2021). More carrion
at 363 kg and 726 kg may have led to the increase in Anaerosalibacter at those treatments
compared to 182 kg with less decomposition and for an extended period of time.
Clostridiaceae 1 are widespread fixers of nitrogen (Weigel et al. 2006), with genera
(primarily Clostridium) found in sediments, soil, animals and decaying organic matter (Guo et al.
2020, Weigel et al. 2006). Clostridiaceae 1 is also able to dominate in reductive soil
disinfestation (Huang et al. 2019), so it is possible Clostridiaceae 1 species may survive in
heavily altered soils such as the soil associated with larger inputs of carrion. Hathewaya
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(Clostridiaceae 1) species include facultative pathogens (Menon et al. 2019, Lawson and Rainey
2016) and thus may have been present in carrion located at 726 kg treatments, or at least, there
was a higher likelihood of this genus.
There were several taxa predominant in the 363 kg plot, compared to the 182 kg plot.
Ruminiclostridium 1 is correlated with plant decomposition (Wu and Cheng 2021, Wang et al.
2020) as well as anaerobic digestion (Kang et al. 2021), rumens, termite guts, paper mill
effluents, and rice straw residues (Wu and Cheng 2021). Thus, it is possible that there is
increased Ruminiclostridium 1 at 363 kg treatments of carrion over 182 kg treatments due to the
increased size and effect of the cadaver decomposition island killing many plants within the area.
Ruminiclostridium may also results from gut communities (Wu and Cheng 2021).
Klebsiella was also significantly higher in relative abundance at the 363 kg plot
compared to the 182 kg plot. Klebsiella are also found in association with plants, particularly
with plant hosts where certain Klebsiella species fix nitrogen for plant use (Wei et al. 2013,
Iniguez et al. 2004, Cakmakci et al. 1981). Some species may also indicate the presence of
contamination in hospital settings, creating a potential risk of infection (Casewell and Phillips
1977). Different Klebsiella species are found everywhere from association with animals, sewage,
humans, and pollution to vegetation, drinking water, and soil (Bagley 1985), meaning that
Klebsiella in soils at 363 kg treatments may have come from the increased number dead animals
or the increased amount of plant tissue in the soil from previous decomposition.
Finally, Micrococcaceae is prevalent in the degradation of bean plant residuals as well as
maize (Ortiz-Cornejo et al. 2017, la Cruz-Barron et al. 2017). This family may also promote
general plant growth and soil quality (Yan et al. 2020) while also being present in soils with low
manure rates (Yang et al. 2017). Micrococcaceae is also detected in soils with Rhizoctonia
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infestations, potentially as a response against infection (Araujo et al. 2019). Micrococcaceae
may increase in 363 kg treatments due to increased plant degradation from larger amounts of
carrion. However, Micrococcaceae could also be a result of new extreme nutrient amounts
resulting in later plant growth after the larger carrion treatments. Many species of microbes seen
at 363 kg treatments over 182 kg treatments are associated with plants and decomposition where
larger amounts of carrion deposited more nutrients into the soil for potential longer lasting
effects.
Besides those listed above, 726 kg treatments measured a higher relative abundance of
Mitochondria (Rickettsiales), Bacillaceae, Paenibacillus, and Microbispora amethystogenes.
Mitochondria (Rickettsiales) may have been collected in fragments from the environment.
Rickettsiales are prominent as insect endosymbionts (Wolbachia) while others have a life cycle
series with trematodes and aquatic hosts (Yu and Walker 2006). Mitochondria are
phylogenetically placed within the Rickettsiales order, as a sister clade to the
Rickettsiaceae/Anaplasmataceae families and are considered a result of an endosymbiotic event
(Wang and Wu 2015). The finding of mitochondrial sequences represents similarities in
sequences and may also reflect eukaryotic sequence contamination. Mitochondria may have been
deposited in the soil from insects that attended carrion present, which would have occurred in
higher amounts at 726 kg treatments or be indicative of carrion cells. Alternatively, there may
also be related Rickettsiales species represented within the samples, prevalent in vegetables that
grow in affected soils (Gao et al. 2020). The finding of these species at high relative abundance
in the 726 kg treatments compared to the other treatments is interesting and suggests the
possibility that these may be useful indicator sequences for determining clandestine MME events
or graves.
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Bacillaceae also includes pathogenic as well as free-living species worldwide (Schmidt et
al. 2011). This family contains halophilic bacteria (Marquez et al. 2008, Echigo et al. 2005) that
are aerobic (Marquez et al. 2008) but can also survive with less oxygen in micro-aggregates
(Yang et al. 2019). These bacteria are very robust and perform roles in plant health and growth
(via pathogen suppression) as well as aiding in the cycling of organic matter (Mandic-Mulec et
al. 2015). Due to their robust nature, Bacillaceae may have survived this larger instance of
decomposition as well as being present now to aid in the cycling of organic matter from
decomposition and new plant growth (Mandic-Mulec et al. 2015).
Paenibacillus, a genus of the aforementioned Bacillaceae family, have been isolated
from many locations, including in association with plants, animals, humans, and the wider
environment (Grady et al. 2016). The majority of these species are found in the rhizosphere to
aid in plant growth as well as being able to produce antimicrobial compounds useful for
bioremediation (Grady et al. 2016, Weselowski et al. 2016). Paenibacillus may therefore be
present in newer plant species growth from the excessive amount of carrion-derived nutrients.
Finally, Microbispora amethystogenes does not have a lot of information written about it.
However, members of its family Streptosporangiaceae are found in the soil as well as the
seashore and plant materials such as leaves and roots (Otoguro et al. 2014). The genus
Microbispora has previously been located in tropical limestone cave soil (Duangmal et al. 2012).
It is possible that more Microbispora amethystogenes is present at larger carrion treatments due
to the increased deposition of plant materials from plant decay. Many species present at 726 kg
treatments are connected with plant growth and pathogenic or insect species, indicating the
potential increase of disease as well as plant effects similarly observed at 363 kg treatments.
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3.6.2.2

Microbial Comparisons Across Treatments
There was a significantly higher relative abundance of Mitochondria (Rickettsiales) at

MME treatments than additive and control treatments. As previously discussed, these may be
sequences representing organisms within Rickettsiales, or may be a result of eukaryotic
sequences that may have originated from increased insect amounts, which would be prevalent at
MME treatments but not at nutrient additive and control treatments which contained no carrion.
Furthermore, these may be due to detection from carrion cells at the highest biomass.
In comparison to nutrient additive treatments, carrion treatments had higher relative
abundances of Microbispora amethystogenes, Clostridium sensu stricto 18, Clostridiaceae 1,
Hathewaya (Clostridiaceae 1), Clostridium sensu stricto 7, Caldicoprobacter
(Caldicoprobacteraceae), Lachnospiraceae AC2044 and Anaerostipes (Lachnospiraceae),
showing an increased presence of primarily Clostridiaceae and Lachnospiraceae species. As
previously discussed, Microbispora amethystogenes may have increased presence at carrion
treatments due to the increased amount of plant material in the soil from plant decay caused by
carrion. Clostridiaceae 1 may survive in heavily altered soils such as the soil associated with
larger inputs of carrion. Clostridium sensu stricto 18 and Hathewaya are also within the family
Clostridiaceae 1. Clostridium sensu stricto 18 are antibiotic-resistant bacteria (Ji et al. 2017) that
can be found in anaerobic digestion of dairy products (Charalambous et al. 2020). This group is
also found 15 days postmortem with mice carrion (Liu et al. 2020). Meanwhile, Hathewaya
species are generally associated with pathogens. Therefore, both these taxa may have originated
from the carrion themselves (which were only present at carrion treatments). Clostridium sensu
stricto 18 resulted directly from carrion while Hathewaya species may have resulted from
pathogens carried by the carrion. Clostridium sensu stricto 7 is another species of Clostridium
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measured in high relative abundance at carrion treatments. This species has been observed in
Hermetia illucens larvae gut microbiomes (Cifuentes et al. 2020) as well as in association with
other animal gut microbiomes (Jiang et al. 2020) and dark fermentation in sewage sludge (Litti et
al. 2021). This species may have arrived from other insects involved in decomposition or from
the carrion themselves.
Caldicoprobacter is a new genus of rod bacterium that grow at elevated temperatures
from dung (Yokoyama et al. 2010), with certain species having been isolated and identified from
hot springs under anaerobic conditions (Bouanane-Darenfed et al. 2013). Species within this
genus can produce significant amounts of extracellular serine alkaline protease (Bouacem et al.
2015) as well as being able to degrade oil palm trunk fiber isolated from compost (Widyasti et al.
2018) and in anaerobic pig carcass composting (Ki et al. 2017). In this experiment,
Caldicoprobacter may have originated from the decomposition process itself, particularly under
the anaerobic conditions.
Lachnospiraceae AC2044 has a relationship with animals, often involving a certain diet.
Lachnospiraceae AC2044 is present in the feces of Yak fed ratios of oat hay, corn, soybean
meal, wheat bran and premix, seemingly being related to improved fiber digestibility (Dai et al.
2021) as well as having been identified as a beneficial gut microorganisms associated with
increased butyrate supplementation in rates (Jirsova et al. 2019). Lachnospiraceae AC2044 may
thus have resulted from the carrion themselves and their gut microbiomes. Anaerostipes species
are also from the Lachnospiraceae family. Anaerostipes are anaerobic, often butyrate-producing,
bacteria (Schwiertz et al. 2002) noted in different organism caecal content (Eeckhaul et al. 2010)
and intestines (Bui et al. 2014). Those Anaerostipes may actually provide health benefits to the
host (Bui et al. 2021, Mazidi et al. 2020), once again being a genus of Lachnospiraceae that may
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have arrived at carrion treatments from the gut microbiome of the carrion. Many of these species
may have originated from the carrion that are only present at the MME treatments.
However, there were several microbial taxa in higher abundance at nutrient additive
treatments compared to carrion treatments, including Brevibacterium (Brevibacteriaceae),
Actinomyces, Ochrobactrum, Aquibacillus, and Lysinibacillus (as well as an unknown group).
Brevibacterium include a wide variety of species including those used in halotolerant sulfur
aroma production, sediments, soil, and seawater, all with diverse metabolic properties that may
have use in applications such as bioremediation (Forquin-Gomez et al. 2014). This genus has
also been associated with infection, milk productions, steel corrosion, agricultural soil
bioremediation, and on human skin (Asai et al. 2019, Shweta et al. 2021, Li et al. 2019, Jariyal et
al. 2015). Thus, Brevibacterium could have risen from a number of sources, potentially from the
soil or maybe in response to the nutritional input. Actinomyces are also fairly ubiquitous species
occurring in human microbiota, animal microbiota, and the soil. Actinomyces are common in
human infections (Kononen and Wade 2015) but also in the soil as strong cellulose decomposers
(Waksman and Curtis 1916). Actinomyces are also reported to decrease with soil depth
(Waksman and Curtis 1916) and are associated with many plant roots, where they do not require
a lot of nitrogen and aid in humus formation (Waksman and Curtis 1916), while being active
against other species of bacteria and fungi (Waksman and Woodruff 1941). Though plants were
not analyzed, potential plant growth from the nutrient additions may have resulted in increased
Actinomyces. Ochrobactrum has often been found in association with human illness (Ryan and
Pembroke 2020, Hagiya et al. 2013, Jelveh and Cunha 1999, Moller et al. 1999). However, they
have also been located in the soil (Lebuhn et al. 2000) as well as being isolated from phenolactivated sludge in Egypt (El-Sayed et al. 2003). The nutrient additive solution added to the
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treatments may have contained important sources that Ochrobactrum utilize for growth.
Aquibacillus however is generally isolated from saltwater as well as in some plant shoots and
saline rock deserts (Wang et al. 2021, Lee and Whang 2019, Bachran et al. 2018, Amoozegar et
al. 2014). Aquibacillus may have only arrived at nutrient additive treatments due to the presence
or arrival of saline water from animals that attended the treatments. Lysinibacillus is another
halotolerant bacterium that has also been observed from landfill soils in association with LDPE
(Kong et al. 2014, Esmaeili et al. 2013). Once again, it is possible the addition of NaCl into the
nutrient additive treatments may be having an effect on the soil composition. Several species
associated with the nutrient additive treatments contain those associated with plant growth (from
the increased nutrients added to the soil) as well as some associated with halotolerant species.
In comparison to control (no carrion) treatments, MME treatments had more
Anaerosalibacter, Clostridiaceae 1, Microbispora amethystogenes, Acidothermus
(Acidothermaceae), and Ruminiclostridium 1. As previously mentioned, Anaerosalibacter have
been found associated with later stages of burial decomposition (Miguel et al. 2021) and thus
would be more prevalent at carrion than no carrion treatments. Clostridiaceae 1 includes
nitrogen fixers found with decaying organic matter, animals, and soil (Guo et al. 2020, Weigel et
al. 2006) as well as those species that may survive in heavily altered soils such as with reductive
soil disinfestation (Huang et al. 2019). Once again, the presence of this family seems to be
primarily connected to the presence of carrion. Microbispora amethystogenes may be seen more
at MME treatments due to the aforementioned increase in plant materials from decay, as
observed in family Streptosporangiaceae (Otoguro et al. 2014), as little is known about
Microbispora. Acidothermus are thermophilic bacteria, very recently isolated from thermal
springs in Yellowstone with only one species identified (Berry et al. 2014, Mohagheghi et al.
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1986). However, several genes for plant degradation have been identified for both hemicellulose
and cellulose degradation (Berry et al. 2014, Koeck et al. 2014). Thus, Acidothermus may have
increased presence at carrion over control treatments due to the prior increase in plant
decomposition from excessive carrion. Finally, Ruminiclostridium 1 has also been correlated
with plant decay (Wu and Cheng 2021, Wang et al. 2020) and plant residues (Wu and Cheng
2021) that would be present in larger quantities at carrion treatments as well as potential gut
microbiota. Many of these microbial species are associated with plant growth, most likely from
nutrients from carrion.
However, control treatments had a higher abundance of Enterobacter sp. UCDUG_FMILLET., Acinetobacter (Pseudomonadales), Corynebacterium 1 (Corynebacteriaceae),
Lactobacillales, Enterococcus, Providencia (Enterobacteriaceae), Klebsiella,
Sphingobacteriaceae, and Ulvibacter (Flavobacteriaceae). Enterobacter sp. (UCDUG_FMILLET) are associated with promoting plant growth and working against fungal plant
pathogens (Ettinger et al. 2015). This strain of Enterobacter species is from the cereal crop,
finger millet. This species may be present at control treatments but not carrion treatments as this
plant species may have been killed by the carrion. Acinetobacter are prevalent infectious agents
seen through multiple hospital outbreaks (Munoz-Price and Weinstein 2008) with strains of
resistance (Towner et al. 2009, Munoz-Price and Weinstein 2008) that can also suppress certain
immune responses (Smeekens et al. 2014). Acinetobacter are also ubiquitous in water and soil as
potential agents of aerobic mineralization of organic matter (Baumann 1968, Baumann et al.
1968). This group is incapable of nitrogen fixation, but many strains can use a variety of sources
of carbon (Baumann et al. 1968) and thus may be associated with general mineralization of
organic matter while this genus may have expired under the weight of carrion at MME
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treatments. Corynebacterium 1 includes a range of plant pathogens (Conn et al. 1947, Jensen
1934), diphtheroids and pathogens (Barksdale 1970, Conn et al. 1947) as well as soil bacteria
associated with plants and food products (Yassin et al. 2003, Conn et al. 1947). These
halotolerant bacteria also aid in plant growth through promoting traits such as nitrogen fixation,
phosphorus, and zinc solubilization, enzyme production, and more (Siddikee et al. 2010), which
may explain its presence at control groups as it may be associated with plants that were not
altered by carrion. Lactobacillales are also associated with the soil, specifically relating
positively to soil carbon (Yan and Lui 2020, Yan et al. 2019) and may have useful properties for
the fermentation of certain fruits and vegetables (Kumral et al. 2020). Once again, this taxon
appears to be directly related to the plants in the community. Klebsiella are also found associated
with plants, especially in hosts where Klebsiella species fix nitrogen for further plant use (Wei et
al. 2013, Iniguez et al. 2004, Cakmakci et al. 1981). They are generally found in association with
animals, pollution, drinking water, soils, and more (Bagley 1985). Providencia however have
been associated with invertebrate and vertebrate organisms in both non-pathogenic and
pathogenic contexts (Junejac and Lazzaro 2009). Providencia species have also been discovered
to be capable of chlorpyrifos pesticide degradation (Rani et al. 2007) and from manure (Chander
et al. 2006) as well as soil irrigated with wastewater (Ahmed and Müller 1984). Providencia may
be prevalent in control treatments due to the allowance of general vertebrate and invertebrate
organisms using the area. Enterococcus also exist in several environments including animal and
human microflora (Fisher and Phillips 2009) and different soils (Ben Said et al. 2015, Yanagida
et al. 2005, Cools et al. 2001) associated with bacteriocin production (Yanagida et al. 2005), pig
slurries (Cools et al. 2001), and vegetable farms (Ben Said et al. 2015). It is surprising to find
this group in more abundance here than at MME treatments. Enterococcus may not have
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survived MME events due to the carrion load. In certain studies, Enterococcus has also had
better survival in lower incubation temperatures with more soil moisture (Cools et al. 2001) and
may have subsequently perished under carrion due to increased temperatures from
decomposition. Sphingobacteriaceae are cosmopolitan organisms that have been isolated from a
variety of environments such as soil (Figueiredo et al. 2022, Siddiqi et al. 2016, Lambiase 2014),
freshwater (Figueiredo et al. 2022, Asker et al. 2008), compost soil (Lambiase 2014) and sludge
of a deactivated uranium mine (Covas et al. 2017, Figueiredo et al. 2022), while also being a
potential agent of infection (Lambiase 2014). Interestingly, Sphingobacteriaceae are also
common during summer season carrion decomposition even a year later (Olakanye 2018).
Finally, Ulvibacter are bacterial rods isolated from Ulva fenestrata, a green alga
(Nedashkovskaya et al. 2004). Since the genus’ discovery, different species have also been
collected from coastal seawater (Baek et al. 2014), including from the Antarctic (Choi et al.
2007). However, since then, one species (Ulvibacter marinus) has been reclassified as a member
of genus Patriisocius (Kawano et al. 2020). Ulvibacter has key importance in manure
composting due to its ability to degrade carbon sources (Yin et al. 2021). Once again, this is
unexpected as Ulvibacter is more present in control treatments with no carrion than carrion
treatments. Soil communities may be returning to normal four years after the occurrence of the
experiment, however, this genus would then be expected at both treatment treatments, if any.
Overall, we observed many microbial taxa in the treatments we would foresee with a few
exceptions. Acidobacteria was abundant at 182 kg compared to all other MME sizes. The size of
the MME may have been large enough to provide further nutrients for Acidobacteria without
being in excess that would lead to an Acidobacteria die-off. Carrion treatments of 182 kg also
had the presence of halotolerant soil species (Lysinibacillus) and certain pathogens
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(Staphylococcus aureus) when compared to 363 kg treatments. Compared to 726 kg treatments,
182 kg treatments had more species associated with N-NO3 and carbon metabolism (Aquicella)
as well as some general soil bacteria (Gemmataceae). Compared to 59 treatments, 182 kg
treatments had more halotolerant soil species (Lysinibacillus) as well as some species associated
with compost (Ornithinibacillus composti) and nitrogen fixers and decomposers
(Xanthobacteraceae), but only Lysinibacillus was significant. The 363 kg treatments had a larger
presence of bacteria present in decomposition (Anaerosalibacter, Clostridiaceae 1), plant
degradation (Ruminiclostridium 1, Micrococcaceae), plant hosts/nitrogen fixers (Klebsiella,
Clostridiaceae 1), and animals (Klebsiella, Clostridiaceae 1, Ruminiclostridium 1). 726 kg
treatments had higher abundances of bacteria present in invertebrates (Mitochondria from
Rickettsiales), animals (Clostridiaceae 1, Paenibacillus), decomposition (Anaerosalibacter),
disease (Hathewaya, Bacillaceae), plant growth and soil (Bacillaceae, Paenibacillus,
Microbispora amethystogenes). The 182 kg site had more Lysinibacillus compared to 59 kg and
726 kg treatments. There were more Clostridiaceae 1 and Anaerosalibacter present at the larger
two carrion biomasses. Evidence of decomposition (carrion and plants) is still present at larger
carrion treatments even four years after the events.
As for input treatments, mitochondrial sequences from Rickettsiales were in higher
abundance at carrion treatments compared to both nutrient additive and control treatments, most
probably due to the increase in insects associated with decomposition. Carrion treatments also
had more species associated with plant decay (Microbispora amethystogenes), plant growth
(Clostridiaceae 1), decomposition (Clostridiaceae 1, Clostridium sensu stricto 18,
Caldicoprobacter), pathogens (Hathewaya), animals (Clostridium sensu stricto 7,
Lachnospiraceae, Anaerostipes), and invertebrates (Clostridium sensu stricto 7) when compared
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to nutrient additive treatments. Nutrient additive treatments had larger abundances of species
including those in the soil (Brevibacterium, Actinomyces, Ochrobactrum, Lysinibacillus) and
plants (Actinomyces, Aquibacillus). Carrion treatments also had increased abundances of species
associated with decomposition (Clostridiaceae 1, Anaerosalibacter) and plant growth and
degradation (Microbispora amethystogenes, Acidothermus, Ruminiclostridium 1) when
compared to control soils with no carrion. Control treatments had higher abundances of plant
associated species (Enterobacter sp., Corynebacterium 1, Lactobacillales, Klebsiella), pathogens
(Acinetobacter), soil species (Acinetobacter, Enterococcus, Sphingobacteriaceae), vertebrate and
invertebrate associated species (Providencia, Enterococcus), and compositing (Ulvibacter).
Carrion treatments still contained species associated with decomposition of carrion and plant
decay as well as animal pathogens that may have risen from carrion. Nutrient additive treatments
had many species associated with soil and plant growth resulting from the increased addition
from nutrients even four years ago. Surprisingly, control treatments were fairly diverse. We need
to compare these species in higher abundance in control treatments to control treatments before
and after events to determine if any changes occurred to these soils.
3.6.3

Soil & Litter Arthropods
None of the tested factors of soil and litter arthropod community change yielded

significant results with the exception of family evenness. Family evenness had a significant
interaction effect only between biomass and input treatment (p = 0.049), specifically interactions
between biomasses and swine carrion (p = 0.005). Larger carrion biomasses decrease family
evenness. Larger MME disturbances may have resulted in large temporary loss of soil
arthropods, with few families being able to exist. Family richness and abundance long term may
no longer be affected by these large disturbances, however, the few dominate families that
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survived may continue to hold their place of dominance within communities. This could be a
potential lingering effect of the larger carrion disturbance events and may potentially relate to the
intermediate disturbance hypothesis (Basset et al. 2001, Connell 1978), but other diversity
indices do not concur.
Indicator species analysis provided some additional information. Sympleona, an Order of
Collembola, was the only noted potential species indicator, specifically of 182 kg biomass
treatments. This could indicate one of two possibilities: 1) Sympleona was able to survive from
the addition of resource without being killed as may be evident at larger biomasses or 2) the
location of these biomass treatments naturally contained more Sympleona.
Soil and litter arthropods may experience some initial changes and increased abundance,
but overall are not largely temporally affected by single carrion (Singh et al. 2018). Some effect
would be expected from the increase in nutrient cycling by soil arthropods (Maran et al. 2020).
Even though carcass events were larger than the typical single carcass scale, soil and litter
arthropod communities most likely almost recovered in the past four years, resulting in similar
soil and litter arthropod communities across all treatments. Even in larger MMEs, soil and litter
arthropods may only have been affected initially before beginning to stabilize. Belowground
arthropod communities have been noted to be resistance and resilient to certain disturbance
events (De Deyn and Van der Putten 2005). Thus, this part of the soil community may have
largely recovered and/or was unaffected by the different input treatments including large MMEs
and nutrient additive supplements.
3.6.4

Aboveground Arthropods
I found that aboveground arthropod abundance and family richness increased with

biomass, whereas family evenness decreased with biomass. These results indicate that as new
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individuals and new families are added with biomass (i.e., the positive relationship between
abundance and biomass), the families that are being added and increasing in abundance are doing
so nonrandomly. That is, diversity measured as richness is increasing, but certain families are
increasing faster that others so that some families are dominating, and the community is less
even. This effect has been seen in some instances of intermediate disturbance where dominant
species/families may be more resistant to the disturbance while other changes may allow for
more family richness and abundance support (Basset et al. 2001, Connell 1978). This would also
not be surprising early in decomposition, as it would be expected that necrophagous species
would be attracted to the carrion. However, it is surprising that this effect is detectable after four
years.
Indicator Species Analysis determined potential species may be indicative of certain
treatment groups. After removing immatures and unknowns, significant families/taxonomic
groups included: Theridiidae, Blattellidae, Sclerosomatidae, Salticidae, Acrididae, Acari,
Chironomidae, Entomobryidae, Ceraphronidae, Cecidomyiidae, Sciaridae, general Aranea,
Mymaridae, and Platygasteridae. These taxa may be able to indicate certain treatments, showing
variation of that taxa across treatments. Different biomass treatment differences were detected
through these indicator species, in particular, mites and spiders. Mites have a wide range of
functional ability including as herbivores, predators, and scavengers. Specifically, mites may
have increased at larger carrion biomasses due to the increased carrion and subsequent increase
of more carrion at later stages of decay. Mites consume not only bacteria and nematodes at
treatments, but also skin on the latter stages of carrion decay (Braig and Perotti 2009,
Bornemissza 1957). While rarely referenced in carrion literature, Araneae may be present at
larger carrion biomasses due to increased insect activity and thus more predation opportunities
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(De Jong et al. 2021). Spiders may also be incidental species (De Jong et al. 2021). As for input
treatments, only Aphididae was a significant indicator by being present only at carrion treatments
(though not all carrion treatments). Aphids may feed on the leaves and/or stems of plants
(Triplehorn and Johnson 2005) resulting from carrion. However, the reason as to why aphids
would not also reside on plants from nutrient additive plots is more difficult to discern. In
fencing treatments, Dolichopodidae were located only at some fenced treatments while
Rhyparochromidae were only at some open treatments. Dolichopodidae are predaceous longlegged flies, common in swamps or woodlands, with the larvae living in decaying wood, under
bark or in grass (Triplehorn and Johnson 2005). The presence of this family at fenced treatments
with no vertebrate scavengers may be due to 1) increased invertebrates (and subsequently prey)
from the lack of vertebrate scavengers, and/or 2) an increase in the preferred habitat through
more decaying wood and plant material in comparison to vertebrate access treatments, which
would have removed some carrion and decreased the cadaver decomposition island.
Rhyparochromidae are hemipterans that primarily feed on mature seeds (Triplehorn and Johnson
2005). At open treatments, vertebrate scavengers would have consumed and carried off some
carcasses, reducing the potential effect of the cadaver decomposition island. Subsequently, seeds
may have survived for consumption by Rhyparochromidae. Vertebrate scavengers and other
animals may also have brought seeds with them into the treatment plots.
Effects of arthropod family richness, family evenness, and abundance may also be related
to other communities in the area. Arthropods may have an effect on microbial communities
(Pechal et al. 2013). Carcasses exposed to arthropod communities generally decompose faster
(Pechal et al. 2014, Simmons et al. 2010a, Simmons et al. 2010b). However, arthropods will
consume smaller carcasses quickly but have a more difficult time consuming larger carrion
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biomasses, which may lead to more microbial consumption (Tomberlin et al. 2017, DeVault et
al. 2004), indicating some potential competition between the two communities.
Plant communities and associated canopy cover may also be affected by MMEs and
indirectly affect arthropods (Tomberlin et al. 2017). Arthropod abundance has also been
associated with plant richness and biomass (Haddad et al. 2001), both of which could increase
years after the MMEs when plant growth returns. Carrion can indeed not only affect plant
abundance but community composition as well (Barton et al. 2013), therefore indirectly
attracting a novel suite of arthropod herbivores. Subsequently, the abundance of certain
functional groups (herbivores) may positively affect the abundance of others such as predators
and parasites (Haddad et al. 2001). However, this may be why nutrient additive and control plots
differed. The larger increase of nutrients and subsequent plants (even without the carrion) would
radically change the arthropod community. However, with MMEs, the large amount of carrion in
the area kills the plants in the immediate area, meaning that it takes more time for plant
communities and their associated arthropods to arise.
3.7

Conclusion
Effects from mass mortality events, particularly of larger sizes, are still seen within the

ecosystem at multiple levels. Elevated levels of soil nutrients, including potassium and calcium,
are still detectable in the soil. While calcium is known to remain in the soil for many years, mass
mortality events seem to elevate potassium more than single carcass studies might. Soil microbes
show variable differences in community structure, indicating lasting effects from both carrion
biomass as well as input treatment (nutrient additive, MMEs). Taxa observed at 182 kg biomass
treatments had the most variation from other biomasses, however, many different taxa associated
with decomposition were seen at biomass treatments of 182 kg and larger. Carrion plots had
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more taxa associated with decomposition including Clostridiaceae species as well as associated
with invertebrates, animals, and pathogens not seen at nutrient additive treatments. Control
treatments were widely diverse but still differed from carrion treatments but not nutrient additive
inputs. Despite those effects, soil and litter arthropods are seemingly unaffected, at least in
comparison of input treatments and biomasses to each other. Unfortunately, there may have been
effects that occurred during the decomposition process that is no longer noticeable at any
biomass size.
While I predicted long-term effects on soil nutrients and microbes, the results did not
agree with my predictions on the two arthropod groups. I hypothesized that soil and litter
arthropods would remain changed longer as they have decreased dispersal abilities. However, I
detected no effect of biomass, input type, or scavenger access on soil and litter arthropod
communities. Aboveground arthropod abundance, richness and evenness were significantly
affected by biomass treatments. This was surprising because aboveground arthropods are more
mobile than belowground arthropods, and therefore were expected to homogenize quickly.
However, it is possible that this mobility attracted or repelled some families of aboveground
arthropods. For example, changes in local conditions may have changed plant quality and
composition or altered the abundance of invertebrate predators and parasites. With the
abundance of more plants and resources, more arthropod families are able to attend without large
increases of competition. Overall, certain arthropod families may be dominant four years later at
larger MMEs due to potential excess of certain resources and circumstances beneficial to those
groups. However, resources and shifts in other aspects of the community allow for an increase
both in family richness and arthropod abundance as well. Larger events of death can radically
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change communities. Mass death of increasing sizes can radically change the ecosystem on
microbial, nutrient, and aboveground arthropod levels.
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3.8

Tables

Table 3.1

Soil nitrogen GLM

Factor

DF

F-value

P-value

Input Treatment (T)

2, 18

3.92

0.0386*

Biomass (B)

1, 18

0.25

0.6267

Fencing (F)

1, 18

0.02

0.8866

TxB

2, 18

0.58

0.5688

TxF

2, 18

0.53

0.5988

BxF

1, 18

0.34

0.5684

TxBxF

2, 18

0.38

0.6891

Analysis of variance table for Generalized Linear model on the effects of biomass and functional
group treatments on percent nitrogen in the soil. Biomass, input treatment, and functional
exclusion (fencing) are fixed effects. Gaussian distribution was used for this model.
*Significance.
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Table 3.2

Soil potassium ANOVA

Factor

DF

F-value

P-value

Input Treatment (T)

2, 18

5.50

0.0137*

Biomass (B)

1, 18

3.72

0.0699

Fencing (F)

1, 18

0.13

0.7262

TxB

2, 18

2.39

0.1199

TxF

2, 18

0.32

0.7305

BxF

1, 18

0.05

0.8227

TxBxF

2, 18

0.45

0.6431

Analysis of variance table for Linear model on the effects of biomass and functional group
treatments on potassium in the soil. Biomass, input treatment, and functional exclusion (fencing)
are fixed effects. *Significance.
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Table 3.3

Soil calcium ANOVA

Factor

DF

F-value

P-value

Input Treatment (T)

2, 18

9.90

0.0013*

Biomass (B)

1, 18

6.53

0.0199*

Fencing (F)

1, 18

0.53

0.4760

TxB

2, 18

2.21

0.1384

TxF

2, 18

1.47

0.2562

BxF

1, 18

0.06

0.8130

TxBxF

2, 18

1.16

0.3371

Analysis of variance table for Linear model on the effects of biomass and functional group
treatments on calcium in the soil. Biomass, input treatment, and functional exclusion (fencing)
are fixed effects. *Significance.
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Table 3.4

Soil and litter arthropod family richness GLM

Factor

DF

F-value

P-value

Input Treatment (T)

2, 48

0.54

0.5845

Biomass (B)

1, 48

1.90

0.1742

Fencing (F)

1, 48

0.25

0.6170

TxB

2, 48

0.09

0.9115

TxF

2, 48

0.32

0.7297

BxF

1, 48

0.17

0.6846

TxBxF

2, 48

0.20

0.8232

Analysis of variance table for Generalized Linear model on the effects of biomass and functional
group treatments on family richness of soil and litter arthropods. Biomass, input treatment, and
functional exclusion (fencing) are fixed effects. Poisson distribution was used for this model.
*Significance.
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Table 3.5

Soil and litter arthropods functional richness GLM

Factor

DF

F-value

P-value

Input Treatment (T)

2, 48

0.13

0.8757

Biomass (B)

1, 48

0.09

0.7634

Fencing (F)

1, 48

0.02

0.8846

TxB

2, 48

0.06

0.9462

TxF

2, 48

0.25

0.7829

BxF

1, 48

0.43

0.5169

TxBxF

2, 48

0.14

0.8662

Analysis of variance table for Generalized Linear model on the effects of biomass and functional
group treatments on functional richness of soil and litter arthropods. Biomass, input treatment,
and functional exclusion (fencing) are fixed effects. Poisson distribution was used for this model.
*Significance.
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Table 3.6

Soil and litter arthropod family evenness ANOVA

Factor

DF

F-value

P-value

Input Treatment (T)

2, 48

2.09

0.1344

Biomass (B)

1, 48

0.55

0.4602

Fencing (F)

1, 48

0.84

0.3639

TxB

2, 48

3.23

0.0485*

TxF

2, 48

2.01

0.1446

BxF

1, 48

3.22

0.0791

TxBxF

2, 48

2.20

0.1220

Analysis of variance table for Linear model on the effects of biomass and functional group
treatments on family evenness of soil and litter arthropods. Biomass, input treatment, and
functional exclusion (fencing) are fixed effects. *Significance.
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Table 3.7

Soil and litter arthropod abundance ANOVA

Factor

DF

F-value

P-value

Input Treatment (T)

2, 48

1.59

0.2155

Biomass (B)

1, 48

0.41

0.5262

Fencing (F)

1, 48

0.25

0.6170

TxB

2, 48

0.61

0.5475

TxF

2, 48

0.41

0.6670

BxF

1, 48

0.29

0.5926

TxBxF

2, 48

0.09

0.9129

Analysis of variance table for Linear model on the effects of biomass and functional group
treatments on abundance of soil and litter arthropods. Biomass, input treatment, and functional
exclusion (fencing) are fixed effects. *Significance.
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Table 3.8

Aboveground arthropod family richness ANOVA

Factor

DF

F-value

P-value

Input Treatment (T)

2, 18

2.58

0.1035

Biomass (B)

1, 18

7.84

0.0118*

Fencing (F)

1, 18

6.44

0.0206*

TxB

2, 18

3.55

0.0501

TxF

2, 18

3.45

0.0541

BxF

1, 18

3.88

0.0644

TxBxF

2, 18

7.39

0.0045*

Analysis of variance table for Linear model on the effects of biomass and functional group
treatments on family richness of aboveground arthropods. Biomass, input treatment, and
functional exclusion (fencing) are fixed effects. *Significance.
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Table 3.9

Aboveground arthropod functional richness GLM

Factor

DF

F-value

P-value

Input Treatment (T)

2, 18

0.01

0.9869

Biomass (B)

1, 18

0.03

0.8752

Fencing (F)

1, 18

0.00

1.0000

TxB

2, 18

0.02

0.9854

TxF

2, 18

0.17

0.8421

BxF

1, 18

0.01

0.9064

TxBxF

2, 18

0.03

0.9750

Analysis of variance table for Generalized Linear model on the effects of biomass and functional
group treatments on functional richness of aboveground arthropods. Biomass, input treatment,
and functional exclusion (fencing) are fixed effects. Poisson distribution was used for this model.
*Significance.

233

Table 3.10

Aboveground arthropod family evenness ANOVA

Factor

DF

F-value

P-value

Input Treatment (T)

2, 18

2.25

0.1347

Biomass (B)

1, 18

7.70

0.0125*

Fencing (F)

1, 18

1.42

0.2483

TxB

2, 18

0.53

0.5959

TxF

2, 18

1.24

0.3118

BxF

1, 18

17.67

0.0005*

TxBxF

2, 18

2.47

0.1130

Analysis of variance table for Linear model on the effects of biomass and functional group
treatments on family evenness of aboveground arthropods. Biomass, input treatment, and
functional exclusion (fencing) are fixed effects. *Significance.
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Table 3.11

Aboveground arthropod abundance ANOVA

Factor

DF

F-value

P-value

Input Treatment (T)

2, 18

0.82

0.4585

Biomass (B)

1, 18

19.67

0.0003*

Fencing (F)

1, 18

4.37

0.0512

TxB

2, 18

0.40

0.6756

TxF

2, 18

0.32

0.7288

BxF

1, 18

0.75

0.3985

TxBxF

2, 18

0.36

0.7016

Analysis of variance table for Linear model on the effects of biomass and functional group
treatments on abundance of aboveground arthropods. Biomass, input treatment, and functional
exclusion (fencing) are fixed effects. *Significance
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3.9

Figures

Figure 3.1

Experimental design

Conceptual diagram of the experimental design at each study site. The study design was a 2x3
factorial crossing two levels of scavenger access (open plots or fenced plots) and three types of
input (control, feral swine carrion, and nutrient additive). The small circles represent one plot.
The circles with and X indicate fenced plots and open circles are open plots (no fences). The
different colors indicate the different treatment inputs: nutrient additive, swine carcasses, and
control groups. Treatment combinations were randomized within each site.
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Figure 3.2

Locations of biomass sites

Map of the study area south of Starkville, MS showing the approximate locations of the five
different sites and their respective carcass biomass sizes. Each study site was at least 1 km from
another site.
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Figure 3.3

Soil nitrogen scatter plot

Percent nitrogen in soil samples was not affected by biomass (GLM, p = 0.627) or scavenger
treatments (GLM, p = 0.887) but was affected by treatment (F2,18 = 3.92, p = 0.03862).

238

Figure 3.4

Soil potassium scatter plot

Biomass treatment was a marginally significant predictor of soil potassium (F1,18 = 3.72, p =
0.070). Input treatment was also a significant predictor of soil potassium (F2,18=5.50, p = 0.013),
but there were no significant interactions (p’s > 0.11).
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Figure 3.5

Soil calcium scatter plot

Biomass treatment was a significant predictor of soil calcium levels (F1,18 = 6.53, p = 0.020), as
was input treatment (F2,18 = 9.90, p = 0.001) but there were no significant interactions (p’s >
0.13).
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Figure 3.6

Soil microbial principal coordinate scatter plot across biomass and input treatment

Principal coordinate scatter plot indicating the differences of input treatment and biomass
microbial communities.
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Figure 3.7

Soil microbial Shannon Diversity Index (biomass)

Shannon diversity index (using the Mann-Whitney U test) of microbiomes associated with
different biomass treatments through pairwise comparisons.
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Figure 3.8

Soil microbial Shannon diversity index (scavenger access)

Shannon diversity index (using the Mann-Whitney U test) of microbiomes associated with
different fencing to exclude (fenced) or include (open) vertebrate scavengers through pairwise
comparisons.
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Figure 3.9

Soil microbial Shannon diversity index (input treatment)

Shannon diversity index (using the Mann-Whitney U test) of microbiomes associated with the
different input treatments of nutrients, no carrion, and carrion (MMEs) through pairwise
comparisons.
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Figure 3.10

Soil microbial Simpson diversity index (biomass)

Simpson diversity index (using the Mann-Whitney U test) of microbiomes associated with
different biomass treatments through pairwise comparisons.
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Figure 3.11

Soil microbial Simpson diversity index (scavenger access)

Simpson diversity index (using the Mann-Whitney U test) of microbiomes associated with
different fencing to exclude (fenced) or include (open) vertebrate scavengers through pairwise
comparisons.
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Figure 3.12

Soil microbial Simpson diversity index (input treatment)

Simpson diversity index (using the Mann-Whitney U test) of microbiomes associated with
different input treatments of nutrients, no carrion, and carrion (MMEs) through pairwise
comparisons.

247

Figure 3.13

Soil microbial Chao 1 bias-corrected diversity index (biomass)

Chao 1 bias-corrected diversity index (using the Mann-Whitney U test) of microbiomes
associated with different biomass treatments through pairwise comparisons.
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Figure 3.14

Soil microbial Chao 1 bias-corrected diversity index (scavenger access)

Chao 1 bias-corrected index (using the Mann-Whitney U test) of microbiomes associated with
different fencing to exclude (fenced) or include (open) vertebrate scavengers through pairwise
comparisons.
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Figure 3.15

Soil microbial Chao 1 bias-corrected diversity index (input treatment)

Chao 1 biased-corrected diversity index (using the Mann-Whitney U test) of microbiomes
associated with different input treatments of nutrients, no carrion, and carrion (MMEs) through
pairwise comparisons.
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Figure 3.16

Relative abundance table (biomass)

Relative abundance chart of the top 20 most abundant taxa (Family) collected at the four
different biomass treatments.
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Figure 3.17

Relative abundance table (input treatment)

Relative abundance chart of the top 20 most abundant taxa (Family) collected from the different
input treatments including with carrion, with nutrients, and without carrion.
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Figure 3.18

Soil and litter arthropod NMDS (biomass)

Non-metric multidimensional scaling (NMDS) using Bray-Curtis to analyze soil and litter
arthropod community differences across different carrion biomasses. PermANOVA testing
indicated no significance of biomass (p = 0.522).
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Figure 3.19

Soil and litter arthropod NMDS (input treatment)

Non-metric multidimensional scaling (NMDS) using Bray-Curtis to analyze soil and litter
arthropod community differences across different input treatments. PermANOVA testing
indicated no significance of input treatment (p = 0.265).
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Figure 3.20

Soil and litter arthropod NMDS (scavenger access)

Non-metric multidimensional scaling (NMDS) using Bray-Curtis to analyze soil and litter
arthropod community differences across different fencing. PermANOVA testing indicated no
significance of fencing (p = 0.502).
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Figure 3.21

Soil and litter arthropod family richness scatter plot

There was no significant effect of biomass, input type, fencing treatments, or interactions (GLM,
p’s > 0.174) on soil and litter arthropod family richness.

256

Figure 3.22

Soil and litter arthropod functional richness scatter plot

Soil and litter arthropod functional richness was not significantly affected by any biomass, input
type, fencing treatments or interactions (GLM, all p’s > 0.517).
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Figure 3.23

Soil and litter arthropod family evenness scatter plot

Soil and litter arthropod evenness was affected by an interaction between biomass and input type
treatments (F2,48=3.22, p = 0.049).
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Figure 3.24

Soil and litter arthropod abundance scatter plot

There was no effect of biomass, input type, or fencing treatments on soil and litter arthropod
abundance (ANOVA, p’s > 0.21).
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Figure 3.25

Aboveground arthropod NMDS (biomass)

Non-metric multidimensional scaling (NMDS) using Bray-Curtis to analyze aboveground
arthropod community differences across different carrion biomasses. PermANOVA testing
indicated a significant effect of biomass (p = 0.001).
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Figure 3.26

Aboveground arthropod NMDS (input treatment)

Non-metric multidimensional scaling (NMDS) using Bray-Curtis to analyze aboveground
arthropod community differences across different input treatments. PermANOVA testing
indicated no significant effect of input treatment (p = 0.914).
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Figure 3.27

Aboveground arthropod NMDS (scavenger access)

Non-metric multidimensional scaling (NMDS) using Bray-Curtis to analyze aboveground
arthropod community differences across different fencings. PermANOVA testing indicated no
significant effect of fencing (p = 0.256).
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Figure 3.28

Aboveground arthropod family richness scatter plot

Aboveground arthropod family richness was significantly affected by biomass (F1, 18=7.84, p =
0.012) as a main effect as well as scavenger access (F1,18 = 6.44, p = 0.0206. However, there was
also a significant three-way interaction with biomass, input type, and scavenger access
(F2,18=7.39, p=0.0045).
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Figure 3.29

Aboveground arthropod functional richness scatter plot

Aboveground arthropod functional richness was not significantly affected by biomass, input
treatment, fencing, or any interactions (GLM, p’s > 0.84).
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Figure 3.30

Aboveground arthropod family evenness scatter plot

Aboveground arthropod family evenness was significantly affected by biomass (F1,18 = 7.70, p =
0.013) as well as the interaction effect of biomass and fencing (F1,18 = 17.68, p < 0.001).
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Figure 3.31

Aboveground arthropod abundance scatter plot

Aboveground arthropod abundance was significantly affected by biomass (F1,18 = 19.67, p <
0.001), with fencing trending towards significance (F1,18 = 4.37, p = 0.051).
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CHAPTER IV
CONCLUSION AND FUTURE DIRECTIONS
The objective of my dissertation was to expand our knowledge of the effects of mass
mortality events on ecosystems. Further, I aimed to understand whether the effects of an MME
are simply a scaled-up version of a single carcass death event, just with more biomass, or if
MMEs are fundamentally different. To the first point, this dissertation is a success because it
provides an unprecedented investigation of the effects of mass mortality events across multiple
ecosystem components. To the second point, this dissertation identified multiple lines of
evidence that MMEs are different than normal mortality events because the reduction of a
functional group generated interactive effects with increasing biomass. That is, many of the
effects of an MME are not just a result of abundant carrion, but also the reduced abundance of
members of a functional group that are no longer performing their roles in the ecosystem.
4.1

Synthesis
Comparing the results from the two mass mortality projects (Chapters 1 and 3), similar

patterns emerge from the soil nutrient data. Nitrogen was initially not affected a year later.
However, nitrogen and potassium were both elevated a year and a half later in response to
MMEs, only to decrease two years later. In contrast, calcium levels remained elevated in
response to large carrion biomasses generally for several years, though some research showed a
decrease in calcium two years later. Unexpectedly calcium was found to increase with distance
away from the compost pit studied in Chapter 2 and it remains unclear why this pattern exists.
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While not tested at the 4 year old MMEs, plant tissue nutrients are also affected for at least a
couple of years after mass carrion input (Chapter 1).
Several similar microbial taxa were more abundant at MMEs (Chapter 1) and at plots
with larger amounts of carrion (Chapter 3). Clostridiaceae 1 was prominent at MMEs in both
chapters, with more Clostridiaceae 1 and associated genera and species (i.e., Clostridium sensu
stricto 7, Clostridium sensu stricto 18, Hathewaya) being found at larger carrion biomasses (i.e.,
363 kg, 726 kg) as well as being present years later. These species include nitrogen fixers and
host microbiota as well as those located in gut microbiomes (including larval Hermetia illucens),
and skin microbiota. All of these taxa may indicate the previous presence of carrion within the
ecosystem. Different Micrococcaceae genera have also been found across these chapters, with
Glutamicibacter located at MMEs (Chapter 1) and other undefined Micrococcaceae genera
being found at 363 kg biomass sites (Chapter 3). However, other species of Micrococcaceae
(undefined) were also found in abundance at carrion sites before the experiment (Chapter 1).
These microbial taxa have been found in association with plant degradation and plant pathogens,
showing potential changes to the plant communities from carrion. Other microbial taxa were
found at MME treatments, particularly at larger biomasses and across longer periods of time
including Bacillaceae and Rickettsiales (Mitochondria). While Rickettsiales may be a result of
fragments within the environment, it is also possible that this could be a result of eukaryotic
sequences from carrion and thus, I did not remove mitochondria from my results. There were
also some surprising differences between chapters including Enterococcus and
Sphingobacteriaceae which were present in higher abundances at non-carrion control plots
(Chapter 3) as well as one week to one month after carrion placement (Chapter 1). However, soil
microbes found at the compost pit varied widely from my MME studies on a family level.
283

Further finer taxonomic resolution and a further understanding of the active microbial
community (i.e., RNA or functional analysis) would be required to understand the true
differences and similarities amongst these different chapters. Overall, Stenotrophomonas is
found in higher abundances both at MMEs (Chapter 1) and compost pit center (Chapter 2).
However, most microbial soil results differed. Some similar taxa were found across chapters but
associated with different factors. For example, Klebsiella was discovered in larger abundances at
control (non-carrion) treatments (Chapter 3) while also being found in higher abundances at the
site of decomposition at the compost pit (Chapter 2). These overall results indicate that different
types of mass death (MMEs, composting carrion) can have a wide range of different effects on
ecosystems.
Above- and below-ground arthropod communities responded differently to MMEs. In my
functional group loss MME study (Chapter 1), soil arthropods were significantly affected by
date. These date effects could also be prevalent due to seasonal changes as reference plots (no
carrion) followed similar trends. Soil arthropod abundance was significantly affected by biomass
though, increasing at MMEs (Chapter 1). However, soil arthropod communities may be more
resilient to changes and thus did not express significant differences at older MME plots (Chapter
3). While both the compost pit and long-term MME experiments have several differing factors
including the timing of carrion deposits, both saw increases of aboveground arthropod
abundance at the site of carrion, including at larger biomasses (Chapter 3).
4.2

The Process of an MME
Having completed a multi-year study of the short- and long-term effects of MMEs on

ecosystems, I can offer some general understanding of how the effects of an MME proceed.
When these animals die, microbes are already present on their skin, within their bodies, and
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within the soil that they fall upon. Necrophagous insects begin to arrive almost immediately, and
microbes are later released from the carcasses themselves. Carcasses in an MME tend to advance
through decomposition slower than a single carcass in later stages of decomposition. This may
happen for several reasons. First, as I observed twice, a single carcass can be removed from the
area and quickly consumed by vertebrate scavengers. Second, if the MME contains species that
are scavengers, as in the scavenger-exclusion treatments, the carcasses are dominated by
invertebrates and do not reach advanced stages of decomposition as quickly as carcasses exposed
to vertebrate scavengers. Around one week after the MME, soil arthropod communities begin to
change, becoming more diverse in terms of richness and evenness, as well as more abundant.
Soil microbial communities may not change in the days following the MME, however in the
weeks and months following the event the composition of soil microbial communities shifted in
response to MMEs. Twelve to 18 months later, the carcasses have completely decomposed but
evidence of MMEs will still exist. Soil nutrients, in particular nitrogen and potassium, are
elevated above background levels, as are the abundances of certain microbial taxa associated
with the gut, insects, pathogens, and nitrogen fixation. Calcium, which leaches from bones, is
elevated 12 to 18 months later, but drastically drop below pre-MME levels whereas nitrogen and
potassium return to pre-MME levels. After four years, nitrogen and potassium may remain
elevated, and microbial community composition is likely to remain different from pre-MME
communities.
4.3

Moving Forward
Mass death, whether through large singular death events or continuous carcass input,

affects the ecosystem and the communities present on multiple levels and across long periods of
time. In the future, it would be valuable to do further testing on functional group loss MMEs. In
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my research I manipulated the access of scavengers and herbivores. These groups were chosen
for logistical reasons—fencing could be used to keep them out at specific times. However, it
would be insightful to explore more functional groups and at different resolutions. For example,
what is the impact of predator MME? Or, how would an MME of avian scavengers differ from
an MME of terrestrial scavengers? Possible further inundation of invertebrate scavengers may
lead to further increases in soil nutrients and subsequent effects not only on soil communities,
but plant communities as well as those of higher trophic levels. Comparison testing of different
carrion compost pits could further provide information as to the effects of mass death as well as
the potential implications of carrion effects on the environment.
Mass mortality events have been increasing in frequency and across numerous taxa. The
effects of these events do not stop with wildlife or ecosystem health implications. Mass mortality
of livestock could lead to unforeseen effects on the environment (Chapters 1 and 3) as well as
raise subsequent questions on the best way to recycle those carrion to reduce potentially negative
environmental effects (Chapter 2). Studying mass death can also lead to insight into ways to
locate mass clandestine graves in forensic science through the changes in soil nutrients and
vegetation leading to those locations. Understanding these effects will lead to further knowledge
on all of these fronts and aid in bringing awareness of the potentially devastating and long-term
effects mass death can have.

286

APPENDIX A
CHAPTER I, II, & III SUPPLEMENTARY DATA
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Table A.1

Functional group references

Family
Acari
Acrididae
Aleyrodidae
Anobiidae
Anthicidae

Functional Group
Multifunctional
Herbivores
Herbivore
Omnivore
Detritivore

Anthribidae

Herbivore/fungivore

Aphididae
Argasidae

Herbivore
Parasite/Parasitoid

Asilidae

Predator

Bethylidae
Bittacidae
Blattellidae
Braconidae

Parasite/Parasitoid
Predator
Omnivore
Parasite/Parasitoid

Calliphoridae

Necrophagous

Carabidae

Predator

Cecidomyiidae

Predator/Detritivore

Cerambycidae
Ceraphronidae
Ceratopogonidae
Cercopidae
Chalicioidea
Chironomidae

Herbivore
Parasite/Parasitoid
Pred/para??
Herbivore
Parasite/Parasitoid
Detritivore

Chloropidae

Herbivore

Chrysomelidae
Cicadellidae
Cicadidae
Clusiidae

Herbivore
Herbivore
Herbivore
Herbivore

Coccinellidae

Predator
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Sources
Krantz and Walter 2009
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Telnov 2008, Triplehorn and
Johnson 2005, Payne 1966
Triplehorn and Johnson 2005,
Valentine 1998, McKenna et
al. 2009
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Krantz and Walter 2009
Musso 1983, Payne 1966,
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
El-Sharabasy et al. 2013
Triplehorn and Johnson 2005,
Payne 1966
Triplehorn and Johnson 2005,
Benbow et al. 2015, Payne
1966
Triplehorn and Johnson 2005,
Payne 1966
Triplehorn and Johnson 2005,
Payne 1966
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Ward and Cummins 1979
Triplehorn and Johnson 2005,
Payne 1966
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Payne 1966
Triplehorn and Johnson 2005

Table A.1 (continued)
Family
Collembola

Functional Group
Detritivore

Corydalidae

Predator

Corylophidae
Crabronidae
Curculionidae
Diapriidae

Fungivore
Parasite/Parasitoid
Herbivore/detritivore
Parasite/Parasitoid

Dolichopodidae
Drospholidae
Dryinidae
Ectobiidae
Elateridae
Encyrtidae
Entomobryidae

Predator
Detritivore
Parasite/Parasitoid
Omnivore
Phytophagous
Parasite/Parasitoid
Detritivore

Erotylidae
Eucinetidae

Fungivore
Fungivore

Eucnemidae
Eupelmidae
Evannidae
Formicidae

Detritivore
Parasite/Parasitoid
Parasite/Parasitoid
Omnivore

Gerridae
Grylliodea
Halticidae
Histeridae

Predator
Herbivore
Herbivore
Predator

Ichnuemonidae

Parasite/Parasitoid

Ixodidae

Parasite/Parasitoid

Lampyridae
Latridiidae
Lauxaniidae

Predator
Omnivore
Detritivore

Megaspilidae

Parasite/Parasitoid
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Sources
Triplehorn and Johnson 2005,
Gullan and Cranston 2014
Triplehorn and Johnson 2005,
Cover et al. 2015
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Payne 1966
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Payne 1966
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Oelbermann and Scheu 2010
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Jałoszyński 2019
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Payne 1966
Triplehorn and Johnson 2005,
Payne 1966
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Benbow et al. 2015, Payne
1966
Triplehorn and Johnson 2005,
Payne 1966
Triplehorn and Johnson 2005,
Krantz and Walter 2009
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Miller 1976, Ruttan and Lortie
2016
Triplehorn and Johnson 2005

Table A.1 (continued)
Family
Milichiidae

Functional Group
Parasite/Parasitoid

Miridiae

Herbivore

Mordellidae
Multilidae
Muscidae

Herbivore
Parasite/Parastoid/Predator
Necrophagous

Mycetophilidae

Herbivore

Mymaridae
Nitidulidae

Parasite/Parasitoid
Herbivore

Opiliones
Phaleothripidae

Omnivore
Herbivore

Phoridae

Necrophagous

Piophilidae

Necrophagous

Pisauridae
Platygasteridae
Poduromorpha
Pompilidae

Predator
Parasite/Parasitoid
Detritivore
Parasite/Parasitoid

Pscomorpha
Pseudoscropion
Psychodidae

Multifunctional
Predator
Omnivore

Ptiliidae

Omnivore

Reduviidae
Rhaphidophoridae
Rhyparochromidae
Salticidae

Predator
Herbivore
Herbivore
Predator

Sarcophagidae

Necrophagous
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Sources
Swann 2016, Sivinski and
Petersson 1999
Payne 1966, Triplehorn and
Johnson 2005
Triplehorn and Johnson 2005
Payne 1966
Benbow et al. 2015, Payne
1966
Payne 1966, Triplehorn and
Johnson 2005
Triplehorn and Johnson 2005
Payne 1966, Triplehorn and
Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Gullan and Cranston 2014
Triplehorn and Johnson 2005,
Benbow et al. 2015
Benbow et al. 2015, Payne
1966
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Payne 1966
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Dantas-Torres et al. 2010,
Payne 1966, Triplehorn and
Johnson 2005
Payne 1966, Triplehorn and
Johnson 2005
Payne 1966
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Rajeswaran et al. 2005
Benbow et al. 2015, Payne
1966

Table A.1 (continued)
Family
Scarabaeidae

Functional Group
Herbivore/detritivore

Scelionidae
Sciaridae

Parasite/Parasitoid
Herbivore/fungivore

Sciomyzidae
Sclerosomatidae

Predator
Predator

Sepsidae

Necrophagous

Signiphoridae
Sminthuridae
Sphaeroceridae

Parasite/Parasitoid
Detritivore
Coprophagious

Sphecidae

Predator/Parasite&Parasitoid

Staphylinidae

Predator

Stratiomyidae

Detritivore

Symphypleona
Syrphidae

Detritivore
Omnivore

Tabanidae
Tenebrionidae

Predator
Herbivore

Tetragnathidae
Theridiidae
Thomsicidae

Predator
Predator
Predator

Thripidae

Herbivore

Throscidae

Omnivore

Thysanoptera
Tingidae
Tipulidae

Herbivore
Herbivore
Detritivore
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Sources
Benbow et al. 2015, Payne
1966, Triplehorn and Johnson
2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Payne 1966
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Halaj and Cady 2000
Triplehorn and Johnson 2005,
Benbow et al. 2015, Payne
1966
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Benbow et al. 2015, Payne
1966
Triplehorn and Johnson 2005,
Payne 1966
Triplehorn and Johnson 2005,
Payne 1966
Triplehorn and Johnson 2005,
Payne 1966, Benbow et al.
2015
Triplehorn and Johnson 2005
Payne 1966, Triplehorn and
Johnson 2005
Triplehorn and Johnson 2005
Payne 1966, Triplehorn and
Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005,
Rajeswaran et al. 2005
Triplehorn and Johnson 2005,
Gullan and Cranston 2014
Triplehorn and Johnson 2005,
Ramalingam and Rajan 2017
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005

Table A.1 (continued)
Family
Trichogrammatidae
Trichoptera
Trogidae

Functional Group
Parasite/Parasitoid
too many options
Necrophagous

Sources
Triplehorn and Johnson 2005
Triplehorn and Johnson 2005
Benbow et al. 2015, Payne
1966
Vespidae
Omnivore
Triplehorn and Johnson 2005,
Payne 1966, Benbow et al.
2015
Arthropod taxa (Family and higher) were placed into functional groups based on the following
cited sources. Several resources used numerous times
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